Development and characterization of hydrogels and their use in in-vitro studies of drug-coated balloons by Bandomir, Jenny (gnd: 1065345771)
  
 
 
 
 
 
 
Development and characterization of hydrogels and 
their use in in-vitro studies of drug-coated balloons 
 
Dissertation 
 
 
 
to obtain the academic degree 
„Doktor der Naturwissenschaften“ (Dr. rer. nat.) 
submitted at the 
Mathematisch-Naturwissenschaftlichen Fakultät 
an der Universität Rostock 
 
 
 
 
 
submitted by  
Dipl.-Chem. Jenny Bandomir 
born on March 11th 1985 in Wismar  
 
 
Rostock, 23.07.2014 
 
 
 
  
 The present work was conducted during the period of time September 2010 till July 2014 
under the supervisor of Professor Dr. Udo Kragl in the Institute for Chemistry at the 
University of Rostock.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Referees: 
1st Referee: Prof. Dr. Udo Kragl 
2nd Referee: Prof. Dr. Detlef Behrend 
 
Thesis submission: July 23rd, 2014 
PhD Defense:  October 14th, 2014 
  
 
  
Abstract 
Development and characterization  
of hydrogels and their use in  
in-vitro studies of drug-coated balloons 
 
 
Jenny Bandomir 
 
 
This thesis summarizes the development and characterization of novel hydrogels based on 
polymerized ionic liquids. Next to the thermal properties of these materials, the mechanical 
characterization by tensile and compression tests was mainly performed using various 
parameters influencing the stability. In addition, a comparison with well-known hydrogels 
was made. These materials were used as artificial vessel model to carry out balloon dilations. 
By use of a flow-through cell, an artificial vessel wall could be generated. The drug release of 
drug-coated balloon catheters as the first and important phase was characterized in detail. The 
drug delivery as well as the transfer into the vessel wall was investigated for different 
hydrogels and compared to each other.  
 
Diese Arbeit befasst sich mit der Entwicklung und Charakterisierung von neuartigen 
Hydrogelen auf Basis von polymerisierten ionischen Flüssigkeiten. Neben den thermischen 
Eigenschaften dieser Materialien wurde im Hauptteil dieser Arbeit die mechanische 
Charakterisierung durch Zug- und Druckversuche vorgenommen, wobei verschiedene 
Einflussparameter auf die Stabilität untersucht wurden. Außerdem erfolgte ein Vergleich mit 
bereits bekannten Hydrogelen. Die Materialien wurden als künstliches Gewebemodell 
eingesetzt, um Ballondilatationen vorzunehmen. Mit Hilfe einer Durchflusszelle konnte eine 
Gefäßwand künstlich erzeugt werden. Die Wirkstoffverteilung von beschichteten 
Ballonkathetern konnte in der ersten wichtigen Phase der Freisetzung charakterisiert werden. 
Die Wirkstoffabgabe sowie der Transport in die Gefäßwand wurden für verschiedene 
Hydrogele untersucht und miteinander verglichen.  
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1. Introduction 
1.1 Definition and classification of hydrogels 
Back to 1960, the pioneering work of Wichterle and Lim introduced hydrophilic hydrogels for 
biological uses [Wichterle et al. 1960]. During the past decades, hydrogels have gained 
tremendous interest, reflected in the increasing number of published reports on hydrogels up 
to now (about 42,200 in March 2014). Hydrogels are water-swollen, three-dimensional cross-
linked polymeric networks containing (1) covalent bonds generated by the reaction of single 
or multiple monomers, (2) physical cross-links due to chain entanglements, (3) association 
bonds including hydrogen bonds or strong van der Waals interactions between chains, or (4) 
crystallites that bring together two or more macromolecular chains [Peppas et al. 2000; Van 
Vlierberghe et al. 2011]. The networks are insoluble due to the presence of chemical or 
physical cross-links. The hydrogel materials are usually discussed based on different 
classifications [Bindu et al. 2012; Kopecek et al. 2012; Ahmed 2013]: 
(1) Classification based on source; 
(2) Classification according to polymeric composition; 
(3) Classification based on configuration; 
(4) Classification based on type of cross-linking; 
(5) Classification based on physical appearance; 
(6) Classification according to network charge. 
Hydrogels (1) can be categorized into two groups based on their natural or synthetic origins 
[Gibas et al. 2010; Singh et al. 2010; Vermonden et al. 2012]. The most widely researched 
natural polymers as hydrogels origin are proteins (e.g. collagen, gelatin, fibrin) and 
polysaccharides (e.g. chitosan, hyaluronic acid (HA), alginate, agarose, dextran) [Lee et al. 
2001; Hoffman 2002; Peppas et al. 2006; Vermonden et al. 2012; Zhao et al. 2013; Kim et al. 
2014a]. On the other hand, hydrogels with a well-defined structure and tailored characteristics 
such as enhanced mechanical properties can be designed by synthetic polymers. The most 
common synthetic polymers can be generated from derivatives of poly(vinyl alcohol) (PVA), 
poly(ethylene glycol) (PEG), poly(vinyl pyrollidone) (PVP), poly(ethylene oxide) (PEO), 
poly(hydroxyethyl methacrylate) (PHEMA), poly(acryl amide) (PAAm), poly(N-isopropyl 
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acrylamide) (PNIPAAm) and poly(lactic acid) (PLA) [Peppas et al. 2000; Hoffman 2002; 
Langer et al. 2003; Peppas et al. 2006; Kopecek et al. 2007; Gulrez et al. 2011].  
The formation of hydrogels (2) can be classified by polymer composition [Ahmed 2013]:  
(a) Homo-polymeric hydrogels consist of a single type of monomer, which is a basic 
structural unit of the polymer network. Homopolymer networks exhibit a cross-linked 
skeletal structure depending on the monomer natures as well as polymerization 
techniques [Das 2013]. 
(b) Co-polymeric hydrogels consist of two or more different monomers with at least one 
hydrophilic component [Das 2013]. The arrangement in the hydrogel can be in a 
random, block or alternating configuration along the chain of the polymer network.  
(c) Interpenetrating polymer networks (IPN) are generated of two independent cross-
linked synthetic and/or natural polymer components, contained in a network form 
[Kopecek et al. 2007; Matricardi et al. 2013; Naficy et al. 2013]. Semi-
interpenetrating networks (semi-IPN) are produced by synthesizing a hydrophilic 
polymer matrix around an entrapped water soluble polymer. An alternative route is to 
prepare the network by selectively cross-linking of one polymer in a polymer blend 
[Chan et al. 2012; Dinu et al. 2013].  
Another classification of hydrogels (3) is based on the configuration. Here, the physical 
structure and the chemical composition are important, (a) amorphous (non-crystalline), (b) 
semi-crystalline and (c) crystalline hydrogels.  
The type of cross-linking in hydrogels can be classified (4) into two categories: chemical or 
physical nature of the cross-link junctions [Hoffman 2002; Ottenbrite et al. 2010; Gulrez et al. 
2011; Zhao et al. 2013]. Comparing to hydrogels cross-linked by chemical bonds, physical 
hydrogels hold together by non-covalent junctions, such as van der Waals, coulombic, dipole-
dipole, hydrophobic and hydrogen bonding interactions [Kopecek et al. 2007; Hennink et al. 
2012; Seiffert et al. 2012].  
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Hydrogels (5) appearance as film, matrix or microsphere regulated by the technique of the 
polymerization participated in the preparation process. The last hydrogel classification (6) is 
according to the network electrical charge. Hydrogels may be classified into four groups 
based on how electrical charges are present on the cross-linked chains:  
(a) neutral (nonionic) 
(b) ionic (anionic or cationic) 
(c) ampholytic (containing both acidic and basic groups) 
(d) zwitterionic (containing both anionic and cationic groups in each repeating unit). 
1.2 Swelling behavior of hydrogels 
Hydrogels can be characterized by their degree of swelling [Ottenbrite et al. 2010]. The 
swelling behavior of hydrogels is an important factor deciding their applications especially in 
pharmaceutical, biomedical, ophthalmology and tissue engineering [Ottenbrite et al. 2010; 
Patel et al. 2011]. Usually, the driving force for the absorption or swelling process is from a 
balancing of three forces of electrostatic, osmotic and entropy-favored dissolution of polymer 
in water [Omidian et al. 2008].  
The final water content of hydrogels depends on kinetic as well as thermodynamic parameters 
[Peppas 2004; Omidian et al. 2008; Ganji et al. 2010; Patel et al. 2011]. The water 
accommodated by a hydrogel is classified into four types as shown Figure 1-1 [Ottenbrite et 
al. 2010].  
 
Figure 1-1  Different types of water in hydrogels (adapted from [Ottenbrite et al. 2010]) 
  
Free water 
Semi-bound water 
Interstitial water 
Bound water 
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Free water is in the outermost layer of the hydrogel and can be easily removed from the 
network. The interstitial water is not attached to the hydrogels network, but between the 
hydrated polymers chains physically trapped. However, the bound water is directly attached 
to the polymer chain through hydration of functional groups or ions. The bound water can 
only be separated at very high temperatures due to the fact that this water remains as an 
integral part of the hydrogels structure. There exist a type of water with intermediate 
properties of a bound water and free water which is called semi-bound water [Ottenbrite et al. 
2010]. All types of water in a hydrogel can be analyzed and characterized with differential 
scanning calorimeter measurements.  
The water absorption of hydrogels depends on many factors such as cross-link density (the 
most important factor), nature of the solution, hydrogels structure (porous or poreless), 
network parameters and drying techniques. It should be noted that the magnitude of the cross-
link density determines the swelling properties of a given hydrogel. The swelling behavior 
can be seen as a diffusion process followed by a relaxation process depending on the cross-
link density as shown in Figure 1-2 [Ottenbrite et al. 2010]. Highly cross-linked hydrogel 
networks show faster swelling compared to their slightly cross-linked counterparts because of 
the structure of the hydrogel like a metal mesh [Omidian et al. 2008].  
 
Figure 1-2 Swelling kinetics of hydrogels depending on the cross-link density (adapted 
from [Ottenbrite et al. 2010]) 
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Water diffusion into the network structure is rate-determining at the beginning of the swelling 
from the hydrogel. This depends on the molecular weight and temperature of the solvent, as 
well as the extent of porosity within the hydrogel structure. The second hydrogel swelling 
step is relaxation-controlled - how fast the polymer chains can relax, which is a slower 
process. However, the absorption mechanism in highly cross-linked hydrogels potentially 
changes toward a single diffusion process. Highly cross-linked hydrogels acts like a metal 
mesh, which permits a constant amount of water to pass through continuously [Ottenbrite et 
al. 2010].  
Omidian and Park reported that the swelling process of a hydrogel was controlled by three 
major elements: the cross-linker content, the ionic content and the hydrophilic content 
[Omidian et al. 2008]. The cross-linker content is already mentioned and discussed. Now the 
other two elements will be introduced in the following paragraphs.  
Ionic content of the system and the surrounding: Swellable hydrogel networks can be 
classified into two groups: ionic and non-ionic. At a certain amount of elastic forces, swelling 
of the ionic hydrogels will be a more entropy-favored process compared to their non-ionic 
counterparts. As the number of ions within the hydrogel network increases, more and more 
osmotic and electrostatic forces will be induced. Changing the nature of the environment 
(water) can control the entropy-driven swelling process of the hydrogel. The addition of ions 
to the environment limits the swelling capacity of an ionic hydrogel [Omidian et al. 2008]. 
Hydrophilic content: The hydrophilic content of the hydrogel will influence the 
intermolecular forces responsible for the diffusion as well as the swelling of the network. As 
hydrophilicity of the hydrogel increases, the interaction between water and hydrogel will 
increase too, and thus the water diffusion is facilitated whereby a greater swelling of the 
hydrogel results [Omidian et al. 2008].  
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A comparison of general features of different hydrogel structures is shown in Table 1-1. 
Table 1-1 Comparison between different types of hydrogel network (adapted from 
[Omidian et al. 2008]) 
 
    
Hydrogel type Non-cross-linked Poreless cross-linked 
Porous cross-linked Superporous cross-
linked 
Porosity Poreless Nanoporous Macroporous Interconnected macroporous 
Intermolecular 
forces High Low Lower Lowest 
Chain packing Tight Loose Looser Loosest 
Water diffusion Slow Fast Very fast Ultra-fast 
Timed swelling 
capacity Low High High High 
Resistance to water 
permeation  High Low Low Very low 
Swelling rate Slow Fast Very fast Ultra-fast 
 
In contrast to the swelling behavior, desorption in hydrogels depends on more factors. The 
desorption process is diffusion-controlled and takes place at a slow or fast rate. The wetter the 
surrounding environment is, the slower the desorption process. De-swelling in hydrogels is 
related to the mechanical properties of hydrogels [Ottenbrite et al. 2010]. For the evaluation 
of the de-swelling of the hydrogel, the weight reduction can be measured over time. 
Depending on the environment (temperature and pressure) and the porosity of the hydrogel, 
the de-swelling behavior may range from a linear to an exponential trend. 
1.3 Selected hydrogels and their applications 
In this following section, the commonly used hydrogels will be discussed. Calcium alginate as 
the hydrogel of choice regarding to their tissue-like behavior within in-vitro studies will be 
presented [Neubert et al. 2008]. Otherwise, polyacrylamide (PAAm) as covalently cross-
linked networks, and polymerized ionic liquids (PILs) as novel hydrogel materials, will be 
introduced. The application of hydrogels as vessel model in in-vitro studies of DCBs is 
connected with unique properties of the material like long-term stability, flexibility and 
permeability. In dependency of the properties of the hydrogels they can be used for different 
applications which are described in this chapter.  
Introduction 7 
 
 
1.3.1 Calcium alginate 
Alginate is used for many biomedical applications [Van Vlierberghe et al. 2011] due to its 
low toxicity, biocompatibility, mild gelation by addition of divalent cations such as Ca2+ and 
low costs [Gombotz et al. 1998; Kuo et al. 2001; Lee et al. 2012]. Alginic acid as a natural 
anionic polymer is a polysaccharide consisting of blocks of mannuronic (M) and guluronic 
acids (G) in various arrangements along the polymer chain [Becker et al. 2001; Kuo et al. 
2001]. Commercial alginates are extracted from brown algae including Laminaria 
hyperborea, Macrocystis pyrifera and Ascophyllum nodosum [Gombotz et al. 1998]. In all of 
these algae, alginate is the main polysaccharide and presents up to 40% of the dry matter. The 
alginate extraction procedure from algae is shown in Figure 1-3.  
 
Figure 1-3 Alginate extraction procedure from algae (adapted from [Pawar et al. 2012]) 
Sodium alginate chelates with divalent cations such as Ca2+ to form hydrogels. The gelation is 
driven by the interactions between G-block monomers which associate to form tightly held 
junctions in the presence of Ca2+ cations [Rees et al. 1977; Pawar et al. 2012]. Resulting gel 
structures can be described by the so-called egg-box model (Figure 1-4) [Rees et al. 1977; 
Draget et al. 2005]. In this context, alginates are attracted to follow different divalent cations 
with decreasing affinity: Pb > Cu > Cd > Ba > Sr > Ca > Co, Ni, Zn >Mn [Morch et al. 2006]. 
Additional to G-blocks, MG blocks also participate, while forming weak junctions [Donati et 
al. 2005].  
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8 Introduction 
 
 
 
Figure 1-4 left: GG/GG junctions; right: resulting egg-box model of calcium alginate 
hydrogels (adapted from [Draget et al. 2005]) 
There are two methods to perform calcium cross-linked alginate networks. The diffusion 
method is the first one, wherein cross-linking ions diffuse into the alginate solution from an 
outside reservoir. Calcium chloride (CaCl2) is one of the most used agents for the first 
method. However, the gelation process is too rapid, and can be poorly controlled due to the 
high solubility of CaCl2 in aqueous solutions [Skjåk-Bræk et al. 1989; Draget et al. 2005; Lee 
et al. 2012]. The internal setting is the second method, where the ion source is situated within 
the alginate solution and a controlled trigger (solubility of the ion source or pH) sets off the 
release of cross-linking ions into the solution. Calcium sulfate (CaSO4) can slow down the 
gelation rate attributed to their low solubility in water.  
Ionic alginate hydrogels are known to have limited long-term stability in-vivo and in-vitro. In 
physiological media, stabilizing divalent cations are exchanged by monovalent cations such as 
Na+ followed by an uncontrolled rupture and dissolution of the hydrogel matrix [Thu et al. 
1996]. Degradation of calcium alginate hydrogels can also occur if the calcium ions are 
removed by using a chelating agent such as ethylene glycol-bis (β-aminoethyl ether)-
N,N,N´,N´-tetraacetic acid (EGTA), lactate, citrate or phosphate [Gombotz et al. 1998]. 
Chemical cross-linking is an alternative to overcome this drawback. Some research groups 
reported covalently cross-linked alginate hydrogels [Grasselli et al. 1993; Lee et al. 2004; 
Jeon et al. 2009; Krebs et al. 2009; Jeon et al. 2010; Zhao et al. 2010; Andersen et al. 2012]. 
Alginate gels are extremely interesting to be applied in the biomedical field. An overview of 
the biomedical applications of alginates is given in Table 1-2 [Van Vlierberghe et al. 2011].  
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Alginate has been proven as biocompatible, biodegradable, non-toxic, mucoadhesive and non-
immunogenic substance [Becker et al. 2001; Sushmitha et al. 2010; Mazur et al. 2014]. 
Alginate can form strong complexes with polycations including chitosan and synthetic 
polymers. These formed complexes do not dissolve in the presence of Ca2+ chelators 
[Gombotz et al. 1998].  
Table 1-2 Overview of biomedical applications of alginate (adapted from [Van Vlierberghe 
et al. 2011]) 
Type of polymer Application 
alginate, alginate-cis-aconityl-daunomycin, calcium alginate/silk fibroin, hyaluronic 
acid/alginate, PLGA/calcium alginate 
drug delivery 
alginate/elastin/PEG, angiogenic factors/alginate  blood vessel 
alginate microbeads, alginate/gelatin/hydroxyapatite, oxidized alginate/gelatin/tricalcium 
phosphate, chitosan/alginate, alginate/poly(lactic-co-glycolic acid)/calcium phosphate, 
collagen/alginate/nanohydroxyapatite 
bone 
sodium alginate, chitosan/alginate, gelatin/alginate bone marrow 
alginate/fibrin, agarose/alginate/gelatin, chitsosan/alginate/hyaluronate, PLGA/alginate, 
transforming growth factor-β(1) loaded alginate 
cartilage 
injectable alginate, gelatin/alginate heart 
alginate/chitosan ligament 
macroporous alginate, alginate/galactosylated chitosan, sodium alginate  liver 
chitosan/calcium polyphosphate  meniscus 
gelatin/alginate skin 
alginate spinal cord 
alginate/chitosan  tendon 
 
Degradation can also be caused by enzymes, e.g. alginate lyase (EC 4.2.2.X) which degrade 
alginate to produce oligosaccharides [Wong et al. 2000; Zhang et al. 2006; Li et al. 2011c]. 
Mechanical properties as well as the degradation of alginate can be regulated depending on 
the cross-linkers. Several covalent cross-linking methods have been used in regard of 
enhancing mechanical and degradation characteristics [Lee et al. 2000]. Moreover, other 
kinds of modification are reported to prepare alginate derivates with different characteristics, 
e.g. acetylation, phosphorylation, sulfation or hydrophobic modification [Pawar et al. 2012; 
Wu et al. 2013].  
Alginates, as a kind of natural polymer, exhibits promising characteristics, but they show 
rather disadvantageous results in long-term stability. Due to this fact, other polymer networks 
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have been investigated and researched. In the following section, polyacrylamide, as synthetic 
material, will be introduced.  
1.3.2 Polyacrylamide (PAAm) 
Polyacrylamide (PAAm) is one of the best characterized hydrogels [Darnell et al. 2013; Oyen 
2014]. The monomer acrylamide is polymerized in aqueous solution in the presence of small 
amounts of the cross-linker, N,N´-methylenebisacrylamide (Bis or bisacrylamide), resulting in 
a polymer network (Figure 1-5). This polymerization reaction occurs via a free-radical 
mechanism. Ammonium persulfate (APS) is utilized as an initiator and TEMED (N,N,N´,N´-
tetramethylenediamine) is used to catalyze the polymerization [Feng et al. 1988; Walker 
1996]. The acrylamide monomer is toxic [Exon 2006].  
 
Figure 1-5 Polymerization reaction of acrylamide and bisacrylamide to form a hydrogel 
The advantage of synthetic polymers is the variation of monomer to cross-linker ratio 
whereby different hydrogel characteristics can be realized, e.g. water content, mechanical and 
thermal properties, swelling behavior and permeability [Tse et al. 2010; Li et al. 2011a; Liu et 
al. 2013; Naficy et al. 2013]. Properties of hydrogels can also be tuned by the synthesis 
temperature [Dinu et al. 2007; Dinu et al. 2013].  
There are two key parameters used to determine the nature of the PAAm hydrogel: (1) T is the 
total polymer concentration (in %) that included both, the monomer and the cross-linker; (2) 
C is the cross-linker concentration (in %). Usually, the polymer concentration %T is only 
calculated based on the monomer, because the cross-linker is typically present in a much 
smaller amount. The cross-linker concentration %C is calculated from the ratio of 
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bisacrylamide to monomer. There exists a complex relationship between pore size and both, T 
and C [Oyen 2014]. When %T is fixed, the pore size decreases with increasing %C until a 
critical point. Then, a larger %C causes a more open or macroporous structure due to polymer 
chains agglomerating [Lira et al. 2009; Oyen 2014]. In this case, the cross-link density is too 
high. In the other case, when %C is fixed, the pore size decreases with increasing %T [Lira et 
al. 2009; Oyen 2014]. Therefore, the mechanical behavior of PAAm hydrogels depends on 
polymer as well as cross-linker content. Cross-linking is used to enhance the mechanical 
properties of materials. Generally, an increase of the cross-link density results in stiffer 
hydrogel materials, consequently lower extensibility [Kong et al. 2003; Hao et al. 2013]. 
PAAm hydrogels can be tailored to range the elastic moduli from 0.2 MPa to over 1 MPa, 
which corresponds with applications in cartilage treatment [Kleemann et al. 2005; Kiviranta 
et al. 2008; Li et al. 2011a].  
Besides the good mechanical performance PAAm hydrogels are characterized by high water 
content, transparency, long-term stability as well as homogeneity. Furthermore, PAAm 
hydrogels demonstrated non-toxicity and biocompatibility [Gin et al. 1990]. The high 
cohesive and adhesive properties favor PAAm hydrogels as a competent material in tissue 
engineering [Bajpai et al. 1991; Li et al. 2011d; Bait et al. 2013]. PAAm hydrogels also offer 
broad applications in different technological areas, e.g. as materials for contact lenses and 
protein separation, matrices for cell-encapsulation, and devices for controlled release of 
proteins and drugs [Hennink et al. 2012; Darnell et al. 2013; Dinu et al. 2013; Malana et al. 
2014]. The PAAm hydrogels are widely used in ophthalmic operations, food packaging as 
well as water purification. These hydrogels have also been used in plastic and aesthetic 
surgery for more than 20 years [Christensen et al. 2003].  
It is possible to synthesize alginate/polyacrylamide hydrogels. Yang et al. reported that these 
hydrogels exhibit exceptional mechanical properties. They synthesized strengthened 
alginate/polyacrylamide hydrogels using various multivalent cations [Yang et al. 2013]. Sun 
et al. also reported extremely stretchable and tough hydrogels by mixing alginate and 
polyacrylamide hydrogels [Sun et al. 2012a]. The working group of Mooney investigated the 
biocompatibility and maintenance of mechanical properties of alginate/polyacrylamide 
hydrogels in cell culture and in-vivo conditions [Darnell et al. 2013]. The obtained results 
suggest the valuable further exploration of extremely tough alginate/polyacrylamide IPN 
hydrogels as biomaterials [Darnell et al. 2013].   
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1.4 Polymerized (polymeric) ionic liquids (PILs) 
1.4.1 Definition and types of polymerizable IL monomers 
100 years ago, the first ionic liquid ethylammonium nitrate with a melting point of 13-14 °C 
was described by Paul Walden [Walden 1914]. Polymerized ionic liquids (PILs), also called 
poly(ionic liquids)s, refer to a subclass of polyelectrolytes and were pioneered by Ohno and 
co-workers in 1998 [Ohno et al. 1998; Mecerreyes 2011]. PILs are described as “polymers 
which contain at least one ionic center, similar by composition to the structure of commonly 
used ILs as a covalently bonded part of their constitutional repeating (monomer) unit” 
[Torriero et al. 2011]. The initial research of PILs can be dated back to 1970´s when the free 
radical polymerization of cationic vinyl monomers was investigated [Hoover 1970; Yuan et 
al. 2011a].  
Reviews of first-generation PILs have been reported by various research groups in this field 
[Green et al. 2009a; Green et al. 2009b; Lu et al. 2009; Mecerreyes 2011; Yuan et al. 2011a; 
Yuan et al. 2013]. These reviews presented synthesis and chemistry of PILs, including 
physico-chemical properties and applications. PILs have gained tremendous interest in the 
fields of polymer chemistry as well as material science, not only because of the combination 
of ILs with unique characteristics (e.g. ionic conductivity, thermal stability, tuneable solution 
properties and chemical stability), but also a matter of achieving new properties and functions 
[Mecerreyes 2011; Yuan et al. 2011a]. The major advantages for such polymeric forms 
(instead of an IL) are the enhanced mechanical stability, improved processability, flexibility 
and durability in applications as practical materials [Kadokawa ; Shaplov et al. 2011b; Yuan 
et al. 2011a; Frank-Finney et al. 2013].  
The polymerization of IL monomers is another strategy to prepare ionic gels, consisting of 
two basic routes: (1) direct polymerization of IL monomers, (2) chemical modification of 
existing polymers [Lu et al. 2009; Yuan et al. 2011a]. The IL monomers used in free radical 
polymerizations have a polymerizable unit in the cation and/or anion. In the following a 
variety of polymerizable IL systems such as (1) polycation-type ILs, (2) polyanion-type ILs, 
(3) copolymer and (4) poly(zwitterion)-type ILs will be introduced.  
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(1) Polymerizable cation-type ILs 
Imidazolium is the most popular cation which has been included into polymer backbones 
obtained from vinyl [Ohno et al. 1998; Marcilla et al. 2004], styrenic [Tang et al. 2005a; 
Kadokawa et al. 2008] and (meth)acryloyl monomers [Cardiano et al. 2008; Pohako-Esko et 
al. 2013] (Scheme 1-1). To a minor extent, polymers bearing other types of cations such as 
pyridinium, tetraalkyl ammonium, guanidinium, piperidinium or pyrrolidinium have also been 
synthesized [Mecerreyes 2011; Yuan et al. 2011a].  
 
Scheme 1-1 Examples for polymerizable cation-type ILs: imidazolium-IL with vinyl- (left), 
styrene- (center) and methacrylate functions (right) 
N-vinylimidazolium-based ionic liquids are synthesized via a simple one-step quaternization 
reaction of N-vinylimidazole with a halo-alkane compound [Marcilla et al. 2004; Hu et al. 
2010; Green et al. 2011; Pinaud et al. 2011; Yang et al. 2011]. The structural variables in this 
monomer family are the alkyl chain length as well as the anion. Anion exchange is another 
method to modify the IL family. By replacing the halide with anions such as [PF6]− or [TFSI]− 
(bis(trifluoromethylsulfonyl)imide), the IL monomers become more hydrophobic [Yuan et al. 
2011a]. It is also possible to perform anion exchange reaction with silver salts, e.g. silver 
nitrate, silver acetate and silver lactate. However, sometimes the complete removal of the by-
product becomes problematic, and silver salts are expensive [Harjani et al. 2009; Xu et al. 
2009].  
Styrene is the precursor to polystyrene and several copolymers. IL monomers with a styryl 
group have been studied by Gin and Noble [Bara et al. 2008a; Bara et al. 2008b]. The IL 
monomers can be synthesized by reacting, for example 4-chloromethyl styrene with imidazole 
through a quaternization reaction. Kaneko and co-workers published an easy method for the 
preparation of composites composed of cellulose and a polystyrene-type polymeric ionic 
liquid [Kadokawa et al. 2008].  
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(Meth)acryloyl-based IL monomers can be obtained in a two-step synthesis. First, a 
(meth)acryloyl group is introduced by usage of a hydroxyl-containing halo-alkane with 
(meth)acryloyl chloride resulting in the formation of the corresponding ester. In the next step, 
the obtained product reacts with N-alkyl imidazole and the quaternization reaction yields the 
(meth)acryloyl-based IL monomers [Yuan et al. 2011a]. Last year, Mäeorg and co-workers 
reported a new method for synthesis of methacrylate-type polymerizable ILs [Pohako-Esko et 
al. 2013].  
Recently, a number of polymerizable cationic IL monomers (illustrated in Scheme 1-2) have 
been introduced [Yuan et al. 2011a]. In the literature are reported further polymerizable 
cationic IL monomers [Yoshizawa et al. 2002; Vygodskii et al. 2007; Green et al. 2009a; Lu 
et al. 2009; Shaplov et al. 2009; Mecerreyes 2011; Shaplov et al. 2011b; Moreno et al. 2012; 
Shaplov et al. 2012; Choi et al. 2013; Jeremias et al. 2013; Rahman et al. 2013; Adzima et al. 
2014; Li et al. 2014; Tang et al. 2014; Zhang et al. 2014].  
 
Scheme 1-2 Several selected structures of polymerizable cationic IL monomers [Yuan et al. 
2013] 
The anion X is universally, e.g. it can be halides or in case of phosphorous-type cationic IL 
also [NTf2]− or [N(CN)2]− are possible counterparts. With sulphur-type cationic IL also 
[HSO4]− as anion is possible.  
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(2) Polymerizable anion-type ILs 
The number of polymerizable anionic IL monomers has been much smaller than that for the 
cationic ones. It is possibly because of the difficulty of synthesizing anionic-type IL 
monomers [Mecerreyes 2011]. A few examples are shown in Scheme 1-3.  
 
Scheme 1-3 Several selected structures of polymerizable anionic IL monomers with Y+ 
(tetraalkylammonium or alkyl-imidazolium type counter-cations) [Mecerreyes 
2011; Shaplov et al. 2011a; Yuan et al. 2013] 
Again, PILs based on anionic IL monomers are synthesized by conventional radical 
polymerization reaction. Thus, PILs have backbones such as poly(styrene sulfonate), 
poly(acryl acid), poly(phosphonic acid) or poly(acrylamido)-2-methylpropane sulfonate 
[Yoshizawa et al. 2002; Ohno et al. 2004; Washiro et al. 2004; Mecerreyes 2011; Shaplov et 
al. 2011a].  
Shaplov et al. reported that the anionic PILs, compared to their cationic counterpart, presented 
relatively higher ionic conductivities [Shaplov et al. 2011a].  
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(3) PIL block copolymers 
In a homopolymer of PILs, each repeating unit results from an ionic liquid monomer. In the 
literature are described various imidazolium-based PIL block copolymers [Grubjesic et al. 
2009; Shaplov et al. 2011b; Yuan et al. 2011a; Yuan et al. 2013]. The atom transfer radical 
polymerization (ATRP) as well as reversible addition-fragmentation polymerization (RAFT) 
is useful for synthesizing PIL block copolymers [Mori et al. 2009; Yuan et al. 2011b; Yuan et 
al. 2013]. Zhang et al. studied the kinetics of the copolymerization of 1-vinyl-3-
ethylimidazolium bromide with acrylonitril under various conditions. The obtained 
copolymers were characterized and can be used in the preparation of precursor fibers and 
carbon fibers [Zhang et al. 2009]. Kou and co-workers reported that the synthesized 
copolymers (1-vinyl-3-alkylimidazolium halide with N-vinyl-2-pyrrolidone) are capable of 
acting as soluble bi-functional stabilizers for IL media. The obtained copolymers were highly 
soluble in 1-butyl-3-methylimidazolium [BMIm] ILs, and they synthesized active rhodium 
nanoparticles in the presence of the copolymers dissolved in [BMIm][BF4] [Mu et al. 2005]. 
Chen et al. published in their study the effect of random copolymer composition on the ion 
conduction [Chen et al. 2009]. Synthesized imidazolium-based PIL block copolymers 
reported in the literature are shown in Scheme 1-4.  
 
Scheme 1-4 Imidazolium-based PIL block copolymers described in the literature [Yuan et 
al. 2013] 
Mecerreyes and co-workers used N,N´-methylenebisacrylamide as cross-linker to achieve 
polymeric ionic liquid microgel particles [Marcilla et al. 2006b]. In a second step, the halide 
anion (bromide) was exchanged in water with different anions, and swelling studies of the PIL 
microgels in various organic solvents were investigated. In the literature are known further 
cross-linkers, e.g. polyethylene glycol diacrylate [Rahman et al. 2013], di(ethylene glycol) 
divinyl ether and tri(ethylene glycol) divinyl ether [Washiro et al. 2004]. 
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(4) Polymerizable zwitterionic-type ILs 
Some examples of polymerizable zwitterionic-type ionic liquids are described and reported in 
the scientific literatures [Yoshizawa et al. 2001; Pinaud et al. 2011; Taguchi et al. 2011; Ueda 
et al. 2011; Taguchi et al. 2012; Soll et al. 2013]. In this case, the monomer has both anion 
and cation covalently bonded in the backbone. In Scheme 1-5 are illustrated selected 
polymerizable zwitterionic-type monomers [Mecerreyes 2011].  
 
Scheme 1-5 Chemical structures of polymerizable zwitterionic-type monomers [Mecerreyes 
2011] 
The monomers are solid salts with high melting points in some cases. The PILs having 
imidazolium or tetraalkylammonium cations together with sulphonate, or 
trifluoromethanesulfamide or alkoxydicyanoethenolates anions in the same monomer can be 
synthesized by radical polymerization. In the literature these polymers are described as new 
PIL structures [Mecerreyes 2011].  
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1.4.2 Applications of PILs 
Polymeric ionic liquids with unique and fascinating properties have attracted growing interest 
in the last few years. PILs refer to a special type of polyelectrolytes [Yuan et al. 2011c]. The 
use of PILs as polymer electrolytes is well reported in the scientific literature [Green et al. 
2009b; Mecerreyes 2011; Yuan et al. 2011a; Yuan et al. 2013]. They are of interest for energy 
conversion and storage devices, such as fuel cells [Lin et al. 2010], lithium batteries [Park et 
al. 2013; Li et al. 2014; Yin et al. 2014], supercapacitors [Kim et al. 2010; Pandey et al. 
2012; Jeremias et al. 2013] and dye sensitized solar cells [Sun et al. 2012b]. PILs possess 
unique physiochemical properties such as high ionic conductivity [Marcilla et al. 2006a; Ye et 
al. 2012], high thermal and electrochemical stability and tuneable properties via anion 
exchange [Marcilla et al. 2004; Carrasco et al. 2011; Merle et al. 2013; Rahman et al. 2013]. 
Elabd and co-workers reported many research results from PILs with regard to ionic 
conductivity and potential applications [Chen et al. 2009; Green et al. 2011; Weber et al. 
2011; Ye et al. 2011; Salas-de la Cruz et al. 2012; Ye et al. 2012; Ye et al. 2013].  
Currently, the ability of PILs in catalysis focuses on their use as a (co)catalyst, catalyst 
support as well as catalyst precursor. Wang and co-workers have investigated a few PILs 
[Xiong et al. 2011; Xiong et al. 2012a; Xiong et al. 2012b] and synthesized cross-linked PIL 
nanoparticles because they are easy to recycle and they can provide a large active surface 
area. The high activity and selectivity of these cross-linked nanoparticle catalysts were used 
for the cycloaddition of various epoxides with CO2 [Xiong et al. 2011; Xiong et al. 2012b]. 
Dyson and co-workers reported the synthesis of imidazolium-based PILs and also their use as 
heterogeneous catalysts for the cycloaddition of CO2 with epoxides [Ghazali-Esfahani et al. 
2013]. Furthermore, PILs have been tested for a number of reactions. Liu et al. reported the 
transesterification reaction of tripalmitin with methanol catalyzed by ionic liquids on 
superhydrophobic mesoporous polymers [Liu et al. 2012]. Another research group reported 
and synthesized cross-linked PILs as high loaded dual acidic organocatalyst [Pourjavadi et al. 
2012]. The obtained heterogeneous catalyst is used for the synthesis of dihydropyrimidines 
under mild reaction conditions with high yields. Mecerreyes et al. synthesized a microgel 
based on PILs with paramagnetic anions, e.g. tetrachloroferrate (III). This microgel was used 
as a reusable catalyst for Friedel-Crafts alkylation [Doebbelin et al. 2011]. PILs can stabilize 
catalytically active metal and metal oxide nanoparticles. For example, Kou and co-workers 
published the stabilization of rhodium nanoparticles by a copolymer of N-vinyl-2-pyrrolidone 
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and 1-butyl-3-vinylimidazolium bromide in 1-butyl-3-methylimidazolium tetrafluoroborate IL 
solvent [Mu et al. 2005]. The long lifetime nanocluster catalysts were used for benzene 
hydrogenation. Also, PIL microspheres/Pt nanoparticle hybrids were developed and evaluated 
for the electrocatalytic oxidation of methanol as well as oxidation of benzyl alcohol [Yang et 
al. 2011]. A further possibility is the functionalization of carbon nanotubes by an ionic liquid 
polymer [Wu et al. 2009]. Structured semifluorinated polymer ionic liquids for the 
preparation of metal nanoparticle were synthesized by Mülhaupt and co-workers [Schadt et al. 
2013]. Removing ionic liquids from IL/polymer composites is an easy way to synthesize 
porous polymers. Some research groups have been prepared porous PIL materials [Snedden et 
al. 2003; Yan et al. 2006; Yan et al. 2007; Huang et al. 2010; Zhao et al. 2012]. The pore size 
of the porous PIL materials can be tuned by adjusting the cross-linker content. More cross-
linker agent resulted in a smaller pore size of the porous polymer [Yan et al. 2007]. The usage 
of porous PIL particles is an emerging research area in the biotechnology. For example, 
peroxidase (HRP) was encapsulated in a PIL microparticle, and it showed a 2-fold higher 
activity than the enzyme encapsulated in a polyacrylamide microparticle [Nakashima et al. 
2009]. Also, the enzyme glucose oxidase (GOx) was immobilized in PIL microparticles and 
evaluated as a possible glucose sensor [Lopez et al. 2006].  
In the field of separation science, PILs also show unique properties and they are used in solid-
phase microextraction as sorbent coatings [Zhao et al. 2008; Wanigasekara et al. 2010; Meng 
et al. 2011; Ho et al. 2013; Zhang et al. 2014]. Anderson and co-workers developed selective 
coatings based on polymeric ionic liquids for the extraction of esters [Zhao et al. 2008] as 
well as for polar compounds [Meng et al. 2011]. Polymeric imidazolium ionic liquids were 
used as stationary phases in gas chromatography (GC) [Hsieh et al. 2007; Hsieh et al. 2008; 
Gonzalez-Alvarez et al. 2012; Ho et al. 2013], HPLC [Qiu et al. 2010] and as coating of 
capillary electrophoresis [Li et al. 2010; Li et al. 2011b; Zhou et al. 2011; Tang et al. 2014]  
PILs have been approved as hopeful sorbents for CO2 since they showed high CO2 absorption 
capacity [Tang et al. 2005a; Tang et al. 2005b; Tang et al. 2009; Xiong et al. 2012a; Soll et 
al. 2013]. Shen and co-workers investigated structure effects on the CO2 sorption. Poly(ionic 
liquid)s with varied structures including different cations (e.g. tetraalkylammonium, 
imidazolium), anions (e.g. tetrafluoroborate, hexafluorophosphate) and backbones was used. 
The tetraalkylammonium-based PILs exhibited higher CO2 sorption capacities than the 
imidazolium-based PILs. An ammonium cation with a short alkyl group, an tetrafluoroborate 
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anion and polystyrene backbone were found to favor CO2 sorption in PILs [Tang et al. 2009]. 
Bara et al. reported an improved CO2 selectivity in polymerized room-temperature ionic 
liquid gas separation membranes through the incorporation of polar substituents [Bara et al. 
2008a].  
For polymeric ionic liquid (hydro)gels there are only a few published reports in the scientific 
literatures [Gu et al. 2011; Frank-Finney et al. 2013; Ziolkowski et al. 2013; Gallagher et al. 
2014; Kasahara et al. 2014]. Ziolkowski and Diamond reported the first thermo-responsive 
poly(ionic liquid)-based hydrogels in 2013. Two monomeric ILs have been photo-
polymerized with different cross-linkers of varying length. The result was that only hydrogels 
with a long chain cross-linker allow the material to swell in water without cracking and 
disintegrating. They investigated interesting properties of these hydrogels, e.g. the lower 
critical solution temperature (LCST) [Ziolkowski et al. 2013]. Further investigations of these 
group was swelling and shrinking properties of thermo-responsive poly(ionic liquid) 
hydrogels with an embedded linear polymer N-isopropylacrylamide [Gallagher et al. 2014]. 
The synthesized semi-interpenetrating hydrogels were found to have improved shrinking and 
re-swelling characteristics. Matsuyama and co-workers prepared for the first time novel 
polymer gels containing amino acid ionic liquids (AAILs). The ion-gel films containing 
AAILs were produced by free radical polymerization of vinyl monomers [Kasahara et al. 
2014].  
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1.5 Drug-coated balloons (DCB) 
In the last few years the use of percutaneous, catheter-based vascular devices to medicate the 
symptoms of cardiovascular disease has emerged as a therapeutic standard to drug eluting 
stents (DES) [Babcock et al. 2013; Lupi et al. 2013]. Drug-coated balloon catheters (DCB) 
have been exhibited to be effective in the prevention of restenosis [Scheller et al. 2004; 
Scheller et al. 2006]. The used drug should possess specific chemical characteristics, 
mechanism of action as well as pharmacokinetics to be quickly absorbed by the vessel wall. 
Commonly, the used drug is paclitaxel (PTX), a cytotoxic agent [Krokidis et al. 2013]. This 
drug was determined as the primary drug for DCB due to its rapid uptake as well as extended 
retention [Waksman et al. 2009]. The cytotoxic, anti-proliferative effect of DES on the vessel 
wall has been widely investigated [Narbute et al. 2011; Krokidis et al. 2013]. Preclinical data 
with DCB have exhibited that 3 µg/mm2 is the efficacious dose to obtain an effective, long-
term, antiproliferative effect on the vessel wall [Posa et al. 2010; Krokidis et al. 2013]. Drug 
delivery during angioplasty depends mainly on the drug dose, transfer system, inflation time, 
release pattern and appropriate balloon coating [Krokidis et al. 2013]. Preclinical and clinical 
data are reported in the literatures [Scheller et al. 2006; Cortese et al. 2012; Loh et al. 2012; 
Lupi et al. 2013]. Different balloon coating technologies are described in the literatures 
[Waksman et al. 2009; Kelsch et al. 2011; Cortese et al. 2012; Loh et al. 2012; Kleber et al. 
2013; Krokidis et al. 2013]. In addition to pure PTX balloon catheters, different drug 
formulations with additives are commercially available, listed in Table 1-3. The drug 
paclitaxel is lipophilic, a property that vastly limits its transfer into the vessel wall during the 
short inflation time. A carrier can be used to enable the transfer of the hydrophobic drug 
paclitaxel into the vessel wall without increasing early loss of the drug on the way to the 
target lesion [Afari et al. 2012; Krokidis et al. 2013]. Hydrophilic additives allow higher 
tissue concentrations of PTX [Heilmann et al. 2010].  
The Paccocath technology, introduced by Scheller, with paclitaxel embedded in hydrophilic 
iopromide coating increases the solubility and the drug transfer to the vessel wall [Scheller et 
al. 2006]. About 80% of the drug is retained during the balloon delivery to the target lesion, 
and 10-15% of the drug is transferred to the vessel wall during 60s balloon expansion 
[Waksman et al. 2009]. This coating is stable during ethylene oxide sterilization. Drug 
delivery is also achieved through the FreePac technology, which uses a natural excipient urea 
as carrier. This hydrophilic coating technology enhances the drug absorption and release 
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[Krokidis et al. 2013]. The DIOR paclitaxel-eluting coronary balloon catheter utilizes the 
Shellac® coating technology composed of aleuritic and shellolic acid, as well as paclitaxel. 
Posa et al. reported the safety and efficacy of DEB in their preclinical model (porcine 
coronary arteries). Using the DIOR coating effective tissue concentrations were achieved after 
balloon expansion times of 30 s [Posa et al. 2010]. DIOR uses folded balloon technology, 
whereby Waksman et al. published a full drug release up to 60 s [Waksman et al. 2009]. 
During balloon inflation, the blood flow in the vessel is interrupted and therefore expansion 
can only be maintained up to one minute. A novel balloon coating method based on 
cetylpyridinium salicylate as additive is reported by Petersen et al. [Petersen et al. 2013a].  
Table 1-3 Commercially available DCBs (adapted from [Krokidis et al. 2013])  
DCB Company Paclitaxel 
content 
Coating technology Delivery 
Diameter 
Length 
ELUTAX© 
Aachen-Resonance® 
GmbH, Aachen, 
Germany 
3 µg/mm2 Matrix of pure paclitaxel without additives 
0.014′′ RE 
2.5-4 mm 
10-27 mm 
PANTERA LUXTM Biotronik GmbH, Berlin, Germany 3 µg/mm
2 Paclitaxel and butyryl-tri-hexyl citrate (BTHC) 
0.014′′ RE 
2-4 mm 
20-30 mm 
SeQuent Please® 
B. Braun Melsungen 
AG, Melsungen, 
Germany 
3 µg/mm2 Paccocath
® technology 
(excipient: iopromide) 
0.014′′ OTW 
2.5-4 mm 
10-30 mm 
DIOR® 
 
Eurocor AG, GmbH, 
Bonn, Germany 3 µg/mm
2 
Excipient: Shellac 
(aleuritic and shellolic 
acid) 
0.014′′ RE 
2-4 mm 
20-40 mm 
FREEWAY® Eurocor AG, GmbH, Bonn, Germany 3 µg/mm
2 
Excipient: Shellac 
(aleuritic and shellolic 
acid) 
0.014′′ OTW 
2-4 mm 
40-150 mm 
IN.PACT AdmiralTM 
 
Medtronic Inc., 
Frauenfeld, 
Switzerland 
3 µg/mm2 FreePac
TM hydrophilic 
coating (excipient: urea) 
0.035′′ OTW 
4-7 mm 
40-120 mm 
IN.PACT PacificTM 
Medtronic Inc., 
Frauenfeld, 
Switzerland 
3 µg/mm2 FreePac
TM hydrophilic 
coating (excipient: urea) 
0.018′′ OTW 
3-7 mm 
40-120 mm 
MOXYTM Lutonix Inc., Maple Grove, MN 2 µg/mm
2 Proprietary hydrophilic nonpolymeric carrier 
0.018′′-0.035′′ 
N/A 
OTW: over-the wire PTX-coated balloon; RE: rapid exchange 
A major advance from drug-coated balloons compared to drug-eluting stents (DES) is the 
rapid drug elution (see Table 1-4). Currently, PTX-eluting stents elute the drug in about one 
month, while DCBs elute about 80% of the drug during balloon expansion [Cortese et al. 
2012]. After 12-24 h the drug concentration in the vessel wall is low [Scheller et al. 2004; 
Page et al. 2007]. Calculated curves for PTX tissue concentration as function of time are 
provided in the literature. Within the first hour, the concentration decreases dramatically 
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[Ruebben et al. 2010; Afari et al. 2012]. The use of DCB is very attractive, especially for 
lesions whose healing is expected to be fast.  
Table 1-4 Drug-coated balloons vs. drug-eluting stents (adapted from [Waksman et al. 
2009]) 
 DCB DES 
Platform of drug delivery Balloon Stent scaffolding 
Retention Embedded imprinted Polymer based 
Drug dose High: 300-600 µg Low: < 100-200 µg 
Release kinetics Fast Slow and controlled 
Distribution Balloon surface homogeneous distribution Strut-based vascular penetration 
Advantages Larger surface area 
Less drug localization in the vessel wall 
Accessible to complex lesions and long 
segments 
May not require prolonged DAPT 
Mechanical support 
Abluminal trapping 
Less drug spillage into the 
circulation 
Proven efficacy in many 
indications 
No acute recoil tackled 
dissection 
DAPT: dual antiplatelet therapy  
There are some properties of DCB that are deciding for ensuring an effective drug delivery to 
the target site, including (1) the degree of early loss of the drug during the insertion; (2) its 
stability during production, handling and storage; (3) the homogeneity of distribution along 
the balloon surface; (4) the ability to release during balloon expansion; (5) the amount of 
particulate material released to the distal circulation and (6) the drug transfer efficiency to the 
vessel wall [Scheller 2011]. One drawback of DIOR-I was the low drug transfer of only 20-
25% into the vessel wall after 60 s inflation times [Posa et al. 2010; Belkacemi et al. 2011]. 
Next to the composition of the drug coating are important factors the duration of delivery time 
as well as the size of the balloon catheter.  
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2. Objectives of the work 
Within the REMEDIS subproject is the task of developing a new coating of a balloon 
catheter. Commonly, the balloons were only coated with the drug paclitaxel to minimize the 
restenosis. However, the drug loss during insertion of the balloon is very high due to the fact 
that the needle-like crystals of the drug can easily drop off. The novel homogeneous coating 
of the balloon catheter with an ionic liquid as additive should be evaluated. One objective of 
this work is to develop and establish an in-vitro vessel model to carry out balloon dilations. 
Hydrogels can be used as materials to simulate an artificial vessel wall. Often, calcium 
alginate is utilized as vessel model for in-vitro investigation of balloon catheters and stents. 
However, alginate is a natural polysaccharide and does not show long-term stability. 
Therefore, it is the aim of this work to produce novel hydrogel materials, which should be 
characterized in respect to mechanical and thermal behavior. A comparison of these novel 
hydrogels with polyacrylamide hydrogels of covalent-type cross-linking and alginate-based 
hydrogels of ionic-type cross-linking is also an objective of this work. Furthermore, different 
hydrogels may used as models for a vessel wall. Generally speaking, the main objective is an 
in-vitro study of drug-coated balloons with an ionic liquid as additive to determine the 
distribution of paclitaxel after simulated use in a flow-through cell using different hydrogels. 
The local drug delivery after balloon dilation in the first minute is determined in a vessel-
simulating flow-through cell by a simulated blood stream. By using different hydrogels, a 
comparison and an assessment can be made. Scheme 2-1 illustrated all objectives of these 
work.  
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Scheme 2-1 Objectives of the work 
 
 
Development of novel hydrogels
Characterization Application as vessel model:  
in-vitro studies of DCB
Mechanical Thermal
Comparison to other hydrogels like 
PAAm and Ca-Alginate 
Variation of parameters:
- cross-linker content
- water content
- drying effects
- storage effects 
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3. Materials and methods 
This chapter describes the used methods to understand all preparation procedures. Next to the 
synthesis of various ILs the hydrogel preparations as well as the mechanical and thermal 
characterization are explained. The application of hydrogel materials as vessel models in 
studies of drug-coated balloons is also described in detail.  
3.1 Synthesis of various ILs and their analytic 
Chemicals: 1-Vinylimidazole (≥ 99%; Aldrich), ethyl bromide (≥ 99%; Merck), n-butyl 
chloride (≥ 99%; Merck), n-butyl bromide (> 98%; Merck) and silver acetate (99%, Sigma-
Aldrich) were used as received. Ammonium peroxydisulphate (≥ 98%, APS), 
tetramethylethylenediamine (TEMED, 99%), Rotiphorese® Gel 30 
(acrylamide/bisacrylamide, 37.5:1) and Rotiphorese® Gel B (2% bisacrylamide) were 
obtained from Carl Roth and used as received. Sodium alginate (Fagron, solid) was applied as 
3% (w) alginate sol in de-ionized water. Calcium sulphate dihydrat (≥ 99%; Merck) and 
trisodium phosphate decahydrate (≥ 99%; VEB Berlin Chemie) were used as received.  
NMR: 1H and 13C spectra were recorded on a Bruker AVANCE 250 (250 MHz), AVANCE 
300 (300 MHz) spectrometer and were referenced externally. DMSO-d6 (≥ 99.9%; Aldrich) 
was used as received. IR: Nicolet 380 FT-IR with a Smart Orbit ATR device was used. CHN 
analyses: Analysator Flash EA 1112 from Thermo Quest, or C/H/N/S-Mikroanalysator 
TruSpec-932 from Leco was used. DSC: DSC 823e from Mettler-Toledo (Heating-rate 
5 °C/min) was used.  
Synthesis of vinyl imidazolium halides (1-3)  
1-Vinyl-3-ethyl-imidazolium bromide (1, [VEIm][Br]), 1-vinyl-3-butyl-imidazolium bromide 
(2, [VBIm][Br]) and 1-vinyl-3-butyl-imidazolium chloride (3, [VBIm][Cl]) were prepared by 
quarternization of 1-vinylimidazole according to published procedures [Marcilla et al. 2004; 
Hu et al. 2010; Green et al. 2011; Pinaud et al. 2011].  
[VEIm][Br] (1): 1H NMR (250 MHz, DMSO-d6, δ): 9.64 (s, 1H, N=CH−N), 8.24 (s, 1H, 
N−CH=CH−N), 7.98 (s, 1H, N−CH=CH−N), 7.32 (dd, J = 15.68 Hz, J = 8.75 Hz, 1H, 
N−CH=CH2), 5.98 (dd, J = 15.61 Hz, J = 2.36 Hz, 1H, N−CH=CH2), 5.41 (dd, J = 8.75 Hz, 
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J = 2.29 Hz, 1H, N−CH=CH2), 4.24 (q, J = 7.41 Hz, 2H, ethyl-α-CH2), 1.45 (t, J = 7.33 Hz, 
3H, ethyl-β-CH3). 13C NMR (250 MHz, DMSO-d6, δ): 135.07 (N=CH−N), 128.04 
(N−CH=CH−N), 122.93 (N−CH=CH2), 119.10 (N−CH=CH−N), 108.44 (N−CH=CH2), 44.57 
(ethyl-α-CH2), 14.74 (ethyl-β-CH3). IR (ATR): ν = 3132 (w), 3093 (m), 3072 (s), 3055 (s), 
2991 (m), 2980 (m), 2908 (w), 2870 (w), 1660 (s), 1645 (m), 1581 (s), 1545 (s), 1520 (w), 
1504 (w), 1495 (w), 1456 (m), 1417 (w), 1375 (m), 1346 (m), 1331 (s), 1302 (m), 1279 (w), 
1257 (m), 1184 (s), 1167 (vs), 1136 (m), 1115 (m), 1095 (m), 1047 (m), 1032 (w), 1011 (w), 
978 (s), 959 (m), 926 (s), 889 (m), 852 (s), 783 (s), 717 (m), 690 (m), 658 (w), 635 (m), 617 
(s), 596 cm-1 (vs). Yield: 90.4%. Mp. (onset) 87.7 °C; (peak) 99.2 °C (DSC). Anal. calcd. for 
C7H11N2Br: C 41.40, H 5.46, N 13.79; found: C 41.56, H 5.55, N 13.81.  
 
[VBIm][Br] (2): 1H NMR (300 MHz, DMSO-d6, δ): 9.64 (s, 1H, N=CH−N), 8.24 (s, 1H, 
N−CH=CH−N), 7.97 (s, 1H, N−CH=CH−N), 7.32 (dd, J = 15.58 Hz, J = 8.78 Hz, 1H, 
N−CH=CH2), 5.98 (dd, J = 15.67 Hz, J = 2.46 Hz, 1H, N−CH=CH2), 5.42 (dd, J = 8.69 Hz, 
J = 2.27 Hz, 1H, N−CH=CH2), 4.21 (t, J = 7.27 Hz, 2H, butyl-α-CH2), 1.81 (q, 2H, butyl-β-
CH2), 1.28 (sxt, 2H, butyl-γ-CH2), 0.89 (t, 3H, butyl-δ-CH3). 13C NMR (300 MHz, DMSO-d6, 
δ): 135.29 (N=CH−N), 128.85 (N−CH=CH−N), 123.22 (N−CH=CH2), 119.14 
(N−CH=CH−N), 108.59 (N−CH=CH2), 48.89 (butyl-α-CH2), 31.02 (butyl-β-CH2), 18.75 
(butyl-γ-CH2), 13.26 (butyl-δ-CH3). IR (ATR): ν = 3107 (w), 3090 (m), 3039 (s), 2980 (m), 
2968 (m), 2955 (m), 2928 (m), 2872 (m), 2847 (w), 1705 (w), 1684 (w), 1651 (m), 1566 (s), 
1539 (s), 1514 (w), 1495 (m), 1466 (m), 1456 (m), 1433 (m), 1414 (m), 1385 (w), 1365 (m), 
1338 (w), 1321 (w), 1308 (w), 1290 (w), 1273 (w), 1230 (w), 1159 (vs), 1132 (m), 1115 (m), 
1086 (m), 1049 (w), 1022 (w), 1007 (m), 982 (s), 941 (w), 926 (s), 881 (s), 804 (s), 739 (s), 
723 (m), 681 (w), 662 (s), 635 (m), 604 (s), 532 cm-1 (w). Yield: 49.3%. Mp. (onset) 80.0 °C; 
(peak) 81.9 °C (DSC). Anal. calcd. for C9H15N2Br: C 46.77, H 6.54, N 12.12; found: C 46.75, 
H 6.59, N 11.95. 
 
[VBIm][Cl] (3): 1H NMR (250 MHz, DMSO-d6, δ): = 9.85 (s, 1H, N=CH−N), 8.29 (s, 1H, 
N−CH=CH-N), 7.99 (s, 1H, N−CH=CH−N), 7.36 (dd, J = 15.68 Hz, J = 8.75 Hz, 1H, 
N−CH=CH2), 6.03 (dd, J = 15.61 Hz, J = 2.36 Hz, 1H, N−CH=CH2), 5.41 (dd, J = 8.75 Hz, 
J = 2.29 Hz, 1H, N−CH=CH2), 4.22 (t, J = 7.17 Hz, 2H, butyl-α-CH2), 1.81 (q, 2H, butyl-β-
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CH2), 1.28 (sxt, 2H, butyl-γ-CH2), 0.90 (t, 3H, butyl-δ-CH3). 13C NMR (250 MHz, DMSO-d6, 
δ): 135.47 (N=CH−N), 128.89 (N−CH=CH−N), 123.22 (N−CH=CH2), 119.18 
(N−CH=CH−N), 108.51 (N−CH=CH2), 48.86 (butyl-α-CH2), 31.04 (butyl-β-CH2), 18.77 
(butyl-γ-CH2), 13.26 (butyl-δ-CH3). IR (ATR): ν = 3109 (w), 3090 (m), 3030 (vs), 2976 (s), 
2958 (s), 2931 (s), 2874 (m), 2848 (m), 1714 (w), 1651 (m), 1645 (m), 1566 (s), 1541 (s), 
1504 (w), 1495 (w), 1462 (m), 1456 (m), 1435 (m), 1416 (m), 1367 (m), 1340 (m), 1323 (w), 
1308 (w), 1292 (m), 1275 (m), 1161 (vs), 1134 (s), 1115 (m), 1053 (m), 993 (s), 955 (m), 
924 (s), 981 (s), 818 (s), 768 (m), 741 (s), 723 (m), 683 (m), 663 (s), 658 (s), 638 (m), 621 
(m), 608 (vs), 536 cm-1 (m). Yield: 34.7%. Mp. (onset) 112.7 °C; (peak) 114.3 °C (DSC). 
Anal. calcd. for C9H15N2Cl: C 57.90, H 8.10, N 15.01; found: C 58.12, H 7.94, N 15.15. 
Synthesis of 1-vinyl-3-ethyl-imidazolium acetate, [VEIm][Ac] (4) 
IL 4 was prepared by using anion exchange reaction of 1, different from the published 
synthesis of acetate containing ILs [Xu et al. 2009]. To a solution of 2.5 g 1 (12.3 mmol) in 
30 mL methanol an equimolar amount of silver acetate (12.3 mmol, 2.055 g) in 30 mL 
methanol was added. The reaction mixture was allowed to stir for 10 min in the dark and 
precipitated silver bromide was filtered off. The IL was extracted with chloroform and filtered 
to remove residual silver salt. Finally CHCl3 was evaporated at reduced pressure to obtain 
2.23 g of 4 (99.1% yield).  
[VEIm][Ac] (4): 1H NMR (300 MHz, DMSO-d6, δ): 10.49 (s, 1H, N=CH−N), 8.30 (s, 1H, 
N−CH=CH-N), 8.00 (s, 1H, N−CH=CH−N), 7.45 (dd, J = 15.67 Hz, J = 8.88 Hz, 1H, 
N−CH=CH2), 6.05 (dd, J = 15.67 Hz, J = 2.27 Hz, 1H, N−CH=CH2), 5.35 (dd, J = 8.69 Hz, 
J = 2.27 Hz, 1H, N−CH=CH2), 4.26 (q, J = 7.30 Hz, 2H, ethyl-α-CH2), 1.59 (s, 3H, 
CO−CH3), 1.44 (t, J = 7.27 Hz, 3H, ethyl-β-CH3). 13C NMR (250 MHz, DMSO-d6, δ): 173.14 
(C=O), 136.51 (N=CH−N), 129.13 (N−CH=CH−N), 122.83 (N−CH=CH2), 119.02 
(N−CH=CH-N), 108.05 (N−CH=CH2), 44.39 (ethyl-α-CH2), 26.17 (CO−CH3), 14.82 (ethyl-
β-CH3). IR (ATR): ν = 3051 (m), 2982 (m), 1653 (m), 1564 (vs), 1547 (vs), 1466 (m), 1448 
(m), 1423 (m), 1385 (vs), 1329 (m), 1282 (m), 1173 (s), 1124 (m), 1092 (m), 1041 (m), 1005 
(m), 966 (m), 908 (m), 760 (m), 685 (m), 638 (s), 617 (s), 598 cm-1 (s). Yield: 2.2 g (99.1%). 
GT. (onset) -52.7 °C; (peak) -52.7 °C (DSC).  
  
30 Materials and methods 
 
 
3.2 Synthesis of various hydrogels 
Gelation of Ca-alginate 
Sodium alginate sol was prepared as following: 3 g of sodium alginate were dissolved in 
about 90 g de-ionized water at 70 °C while stirring according to instruction manual (Ph.Eur. 
175860, Protanal LF 200 M) and subsequently cooled down to room temperature. After 
complete dissolution of sodium alginate, de-ionized water was added to the total amount of 
100 g (3%, w/w).  
To 0.15 g CaSO4⋅2H2O 1500 µL de-ionized water were added. The sparingly soluble salt was 
mixed with a stirring rod. Also, 500 µL of a 10% (w) Na3PO4⋅12H2O solution was added. 
16.5 g sol (3%, w) was mixed by a sheet with this fresh calcium containing suspension. The 
gelation time is 10 to 15 minutes.  
 
Gelation of polyacrylamide (PAAm) 
PAAm hydrogels were synthesized by radical polymerization. Rotiphorese® Gel 30 (1245 µL) 
was added to 3545 µL de-ionized water. Polymerization was initiated with 69 µL fresh APS 
(10%, w/w) and TEMED (6.9 µL). The solution was mixed for ca. 10 s using a Vortex mixer.  
 
General procedure for syntheses of hydrogels containing IL monomers 
IL-based hydrogels (1a-4a) were synthesized by radical polymerization (Scheme 4-1). 
7.38 mmol of IL monomer (1-4) was dissolved in 2335 µL de-ionized water. Rotiphorese® 
Gel B (985 µL), 150 µL APS (10%, w/w) and 30 µL of TEMED were added. Solution was 
mixed using a Vortex for about 10 s. After 10 to 120 min the gelation process was completed 
and transparent hydrogels were obtained. In general, the procedure can be carried out by using 
different amounts of water as well as IL to cross-linker ratios (see Table 4-2). The 
reproducibility of the synthesis of hydrogels (1a-4a) was proven by repeated synthesis (> 10 
times).  
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3.3 Specimen for mechanical characterization  
All hydrogels were prepared in a specified size according to particularly measurement in a 
casting mold (Figure 3-1). Two different specimens were used to investigate mechanical 
behavior of synthesized hydrogels. These materials were stressed by compression and 
stretching. Measurements were performed at 22 ± 2 °C with a single column zwicki-line 
testing machine Z 2.5 [Zwick/Roell], a 500 N load cell and jaw inserts, while analyzing the 
data with testXpert standard. All measurements were performed as triplicate.  
Compression  
Hydrogels were prepared as described in the general procedure to obtain cylindrical test 
specimens with a height of 10.0 mm and a diameter of 10.0 mm (Figure 3-1a). Resulting 
specimens were subsequently compressed with a speed of 1 mm/min. In this work, various 
hydrogels (Ca-alginate, PAAm and poly-ionic liquid hydrogels) were examined.  
Tensile test 
For tensile tests the hydrogels were prepared as shown in Figure 3-1b. Specimens were 
stretched with a test speed of 5 mm/min until rupture. The point of break must be at the linear 
part of the specimen.  
 
 
Figure 3-1 Specimen for the mechanical characterization: a) specimen for the compression 
tests, b) specimen for the tensile tests 
  
60mm
9mm
30mm
4mm
a) b)
10mm
10mm
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3.4 Thermo gravimetric analysis (TGA) 
Thermal stabilities of synthesized hydrogels were assessed by TGA measurements. Mass 
losses were studied and decomposition temperatures (TDec) were obtained. All measurements 
were performed with a Setaram Labsys 1600 TGA-DSC under argon atmosphere (heating rate 
5 °K/min). Fresh hydrogels were synthesized and stored in a vial to avoid dehydration. 
Resulting hydrogels were weighted into an alumina crucible (20-30 mg). After placement on 
the TGA rod, the furnace was flushed with argon for 30 min. All data were corrected by 
baseline subtraction and no temperature correction was applied. Revised data were achieved 
by using Setsoft 2000 software. Thermal stability is depicted as the onset temperature of the 
corresponding mass loss, achieved by integration of the TG curve derivative (dTG).  
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3.5 Drug-coated balloons – in-vitro studies 
Synthesis: Ionic liquid (IL) cetylpyridinium salicylate (Cetpyrsal) was synthesized by 
reaction of cetylpyridinium chloride with sodium salicylate according to published procedures 
[Bica et al. 2010; Petersen et al. 2013a]. The resulting IL formed slightly yellow crystals. 
Structure determination was performed by NMR spectroscopy (1H and 13C in DMSO-d6 on a 
Bruker AVANCE 300, 300 MHz, 25 °C).  
Materials: Paclitaxel (PTX, ≥ 99.5%) was obtained from Cfm Oscar Tropitzsch e.K, 
Germany. Cetylpyridinium chloride (Cetpyrsal, ≥ 96%; AppliChem GmbH, Germany) and 
sodium salicylate (≥ 99.5%; Merck KGaA, Germany) were also used as received. Angioplasty 
balloon catheters of 4 mm in diameter and 20 or 30 mm length were kindly supplied by 
Biotronik SE & Co KG, Germany.  
Balloon coating: A pipetting technique was used for the coating of the inflated balloon 
catheter according to Petersen et al. [Petersen et al. 2013a]. Briefly, PTX and Cetpyrsal were 
separately dissolved in methanol to yield concentrations of 4.72 mg/mL (both stock 
solutions). Following this, a Cetpyrsal-PTX solution (50%, w/w) was mixed from both stock 
solutions. 100 µL of the Cetpyrsal-PTX solution was then slowly pipetted onto each balloon 
catheter, resulting in a PTX surface load of approx. 3 µg/mm2, respectively a total of 
753.98 µg (20 mm length) or 1130.97 µg (30 mm length). During the pipetting process, the 
balloon was rotated and evaporation of methanol was ensured by a gentle stream of air. 
Finally, all balloon catheters were dried at 23±2 °C overnight [Petersen et al. 2013a].  
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Simulated use of DCB in the vessel-simulating flow-through cell in different vessel models 
An adapted vessel-simulating flow-through cell was chosen, which is described in detail by 
Seidlitz et al. [Seidlitz et al. 2011]. Instead of the acrylic glass disc a metal disc was used. 
Calcium alginate, PAAm and poly(VEImBr) hydrogels were inserted as hydrogel 
compartments. The DCB was placed in the simulated vessel wall and dilated for 60 s with a 
nominal pressure of 7 bar. The flow-through cell with the inflated balloon catheter is shown in 
Figure 3-2 with PAAm hydrogel as the vessel model. After expansion, the balloon was 
removed and isotonic sodium chloride (NaCl, 0.9%) as a perfusion medium was circulated 
along the simulated vessel wall for a duration of 1 min at a flow rate of 35 mL/min. Pumping 
of medium was managed with a gear pump (Ismatec MCP-Z ISM 405A, pump head model 
186-000, Germany; Tygon® tube R 3607, 3.17 mm ID, VWR International GmbH, Germany) 
and the set flow rate was adjusted to the blood flow velocity in coronaries [Dimario et al. 
1993]. The isotonic solution was collected in a falcon vessel and the PTX concentrations were 
measured by HPLC (see HPLC parameters).  
 
Figure 3-2 Representative picture of the implantation process, vessel model PAAm, left: 
after insertion of the coated balloon catheter, right: expansion of the balloon in 
the vessel wall 
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The process of balloon angioplasty was simulated applying an in-vitro model, consisting of a 
guiding catheter (Cordis® Vista Brite Tip®; 6F; 1.75 mm ID; 90 cm) with a guide wire 
(Biotronik SE & Co KG, Galeo M 014) and a flow-through cell with different hydrogel 
compartments at the end of the test path, representing the vessel wall. Experiments were also 
performed with a silicone tube (3.0 mm ID) as the vessel model to compare the results. 
Paclitaxel transfer into different simulated vessel walls was measured. Before balloon 
dilation, the guiding catheter and vessel model were flushed with 20 mL NaCl-solution 
(0.9%). PTX-coated balloon catheters using Cetpyrsal additive were inserted into the guiding 
catheter and via a guide wire, the balloon catheter was placed in the simulated vessel wall. 
After balloon deflation, the pump was started (flow rate 35 mL/min). The PTX concentration 
simulating drug wash-off (release) from the vessel model (2b) within the first crucial minute 
was determined by HPLC measurements. The guiding catheter was then flushed with 20 mL 
methanol to determine the PTX loss during insertion (1). The balloon catheter was extracted 
in 10 mL methanol for 30 min at 23±2 °C and then the residue on the balloon was analyzed 
(3). The used hydrogel after cutting into small pieces was also extracted with methanol 
(20 mL) for 30 min at 23±2 °C to detect the amount of transferred drug into the vessel model 
(2a). The entire guiding catheter was then flushed with 20 mL of 0.9% NaCl-solution in 
preparation of the next experiment.  
In summary, the total drug load was composed of (1) PTX loss during insertion, (2) total PTX 
delivery upon dilation and (3) residual PTX load on the balloon. The total PTX delivery upon 
dilation composed of drug transfer into the hydrogel (2a) and drug wash-off (release) from the 
hydrogel compartment (2b) after 1 min by a simulated blood stream. The values of 1-3 should 
sum up to the full mass (3 µg/mm2). For all balloon dilations the mass balance was 
determined. All samples were quantified by means of HPLC after a 1:2 dilution with 
methanol.  
For poly(VEImBr) hydrogels a large amount of the methanol used for extraction was 
absorbed by the hydrogel compartment. Therefore reproducibility of the PTX extraction was 
reduced and the mass balance could not be closed in all cases.  
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Simulated use of DCB in the vessel-simulating flow-through cell after passage through an in-
vitro vessel model according to ASTM F2394-07 
A standard anatomic model adapted from ASTM F2394-07, recently described in the 
literature as a standard procedure, was applied to simulate the implantation process of DCB 
[Schmidt et al. 2013]. The model consisted of polymethacrylate plates forming a simulated 
course of a coronary artery. The used guiding catheter (Cordis® Vista Brite Tip®; 6F; 
1.75 mm ID; 90 cm) with a guide wire (Biotronik SE & Co KG, Galeo M 014) and the 
tortuous path equipped with a PTFE tube was placed in a 37 ± 2 °C heated water bath (Figure 
4-17). The model was flushed with 30 mL 0.9% NaCl-solution (before use). A DCB was 
introduced into the guiding catheter of the model and initially placed at the end of the PTFE 
tube. The guiding catheter was then flushed with 30 mL 0.9% NaCl-solution to recover 
particles and PTX released during tracking (after introduction of the balloon, 1a). At the distal 
end of the test path, a hydrogel vessel model (calcium alginate or PAAm) was placed and the 
balloon was dilated to 7 bar and held for 1 min. The balloon was removed after deflation and 
extracted in 20 mL methanol for 10 min (residual PTX load on the balloon, 3) at 23±2 °C. 
The pump was then started (flow rate 35 mL/min) and the PTX concentration simulating the 
drug release in the first crucial minute was determined (drug wash-off from the vessel model, 
2b). Then the used hydrogel after cutting was also extracted with methanol (20 mL) for 
30 min at 23±2 °C (drug transfer into the vessel model, 2a). After balloon extraction (10 min) 
in methanol, the balloon was removed and the entire pathway was then finally flushed with 
30 mL methanol to detect residual PTX concentration released during tracking (after removal 
of the balloon, 1b). Subsequently, the test path was flushed with 0.9% NaCl-solution in 
preparation of the next balloon dilation. 
In summary, the total drug load was composed of (1) PTX loss during insertion, (2) total PTX 
delivery upon dilation and (3) residual PTX load on the balloon surface. The PTX loss during 
insertion composed of after introduction of the balloon (1a) and after removal of the balloon 
(1b) out of the system. The total PTX delivery upon dilation composed of drug transfer into 
the hydrogel (2a) and drug wash-off from the hydrogel compartment (2b) after 1 min by a 
simulated blood stream. The values of 1-3 should sum up to the full mass (3 µg/mm2). For all 
balloon dilations the mass balance was determined. All samples were quantified by means of 
HPLC after a 1:2 dilution with methanol.  
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HPLC analysis [Petersen et al. 2013a] 
Column Eurospher C18, 120 x 4 mm ID; Knauer, Germany, column temperature 23 °C, 
isocratic eluent PBS (5 mM, pH 3.5) – acetonitril 50-50% (v/v), flow rate 1.0 mL/min, sample 
volume 20 µL and UV detection at 230 nm with calibrated measurement range (0.5-20.0 
mg/L).  
 
Particle quantification 
Sub visible particles (>10 µm and >25 µm) were quantified according to USP 788, Eur. 
Pharmacopeia via the particle counter HIAC ROYCO 9703 device (sensor model HRDL400, 
HACH, Loveland, Colorado, USA). 
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4. Results and discussion 
The synthesis of novel hydrogels based on polymerized ionic liquids are described and 
discussed in the following section. These novel hydrogels are characterized in respect to 
mechanical as well as thermal properties and compared to commonly used hydrogel materials 
like calcium alginate and polyacrylamide. Also, an application of hydrogels as a vessel model 
for in-vitro studies of drug-coated balloons is presented.  
4.1 Synthesis of novel hydrogels 
In recent years, biocompatible polymers are widely used in pharmaceutical and medical 
applications as tissue engineering [Kuo et al. 2001; Lee et al. 2001; Dalmoro et al. 2012]. 
Hydrogels are three-dimensional cross-linked polymeric structures, which can imbibe a high 
amount of water of up to 90% or more [Calvert 2009; Peppas et al. 2012]. A range of natural 
and synthetic derived polymers can be used to form hydrogels for tissue engineering 
scaffolds. For example, alginate, agarose, chitosan, collagen, fibrin, hyaluronic acid and 
gelatin were selected representative natural polymers, and poly(ethylene oxide) (PEO), 
poly(vinyl alcohol) (PVA) and poly(acrylic acid) (PAA) are representatives of synthetic 
materials [Lee et al. 2001; Drury et al. 2003].  
Based on the insufficient long-term stability of calcium alginate [Draget et al. 2005] novel 
hydrogel compartments were successfully synthesized by polymerization of imidazolium-
based ionic liquids bearing a vinyl group with the cross-linker N,N´-methylenbisacrylamide 
(Scheme 4-1) [Bandomir et al. 2014].  
 
Scheme 4-1 Synthesis of polymerized ionic liquids as hydrogel materials  
40 Results and discussion 
 
 
In a first step, the polymerization of various imidazolium-based ionic liquids [VRIm][X] was 
studied and the influence of alkyl chain length R and anion X− on the gelation process was 
investigated. With alkyl chain length R = ethyl and anion X− = Br, I, NO3, BF4, PF6, acetate, 
lactate; with R = n-butyl and X− = Cl, Br, I, NO3, BF4, PF6, NTf2, acetate, lactate and R = n-octyl 
and X− = Cl, Br the possible gelation was investigated. Both anion and alkyl chain length were 
found to have an effect on the gelation process. In all cases iodide-, lactate- and nitrate-containing 
imidazolium ILs resulted in no gelation. Imidazolium ILs with [BF4]− and [PF6]− anions are 
practically insoluble in water, consequently no polymerization took place. ILs 1-4 resulted in 
hydrogels (1a-4a) by polymerization and they were optically transparent. The gelation time was 
found to be dependent on alkyl chain length ([VEIm][Br] < [VBIm][Br]) and anion size 
([VEIm][Br] < [VEIm][Ac] and [VBIm][Cl] < [VEIm][Br]). Longer alkyl chain lengths had a 
similar effect on the polymerization process. For example, the polymerization of [VBIm][Ac] in 
aqueous media could not be achieved in contrast to [VEIm][Ac]. No hydrogels were obtained 
with octyl group due to its higher hydrophobicity. In addition to vinyl bearing imidazolium ILs 
we tried to generate hydrogels by polymerization of allyl-functionalized ILs (e.g. 1-allyl-3-
methyl-imidazolium chloride, 1-allyl-3-propionnitrile-imidazolium bromide and 1-allyl-3-methyl-
imidazolium dicyanamide) without success. Important properties like elasticity of the obtained 
hydrogels could be also influenced by varying IL to cross-linker ratio as well as water content.  
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4.2 Mechanical characterization 
The mechanical characterization of hydrogel materials are investigated by tensile and 
compression tests [Bandomir et al. 2014]. Different parameters like cross-linker content, water 
content, dried and fresh hydrogels as well as storage effects in organic solvents were varied to 
investigate the influence on the mechanical properties.  
4.2.1 Tensile tests of various fresh hydrogels 
Stress-strain curves are widely used in technical studies to specify mechanical behavior like 
elasticity or stiffness for a range of polymers. The resulting elastic (E) modulus describes the 
tendency of a material to be deformed elastically when a force is applied. In general, the 
lower the E-modulus is, the higher the flexibility of the specimen. The stress-strain curves for 
PAAm and poly(VEImBr) hydrogels follow a similar trend (Figure 4-1). In contrast, alginate 
hydrogels demonstrate an intensive increase of stress at lower strain compared to PAAm and 
poly(VEImBr) hydrogels. Tested Ca-alginate hydrogels ruptured at an elongation of 
53.2 ± 2.5% of their original length. The E-modulus is 1060.2 ± 167.1 Pa, which is in the 
range of 1 to 10 kPa, as described in literature [Pajic-Lijakovic et al. 2010].  
 
Figure 4-1 Tensile tests of various hydrogels at 22 ± 2 °C (n ≥ 3) 
Brachkova et al. described tensile strength values for lactobacilli-loaded alginate films 
ranging from 23-42 kPa (E=8-23 kPa), whereas blank films exhibited smaller variations of 
tensile strength (44-48kPa, E=18-24 kPa) [Brachkova et al. 2012]. The covalently cross-
linked networks showed lower E-modulus than ionically cross-linked alginate. However, the 
elasticity of these hydrogels showed opposite tendency. Achieved E-modulus for PAAm 
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(182.7 ± 8.2 Pa) and poly(VEImBr) hydrogel (132.0 ± 9.9 Pa) correspond to reported values 
in a range of 0.01 to 10 kPa regarding hydrogels synthesized by radical polymerization [Okay 
2010; Li et al. 2011a; Oyen 2014]. An acrylamide concentration of 10% with bisacrylamide 
variations of 0.03-0.6% resulted in values for the E-modulus ranging from 4.4 to 99.7 kPa 
[Hazeltine et al. 2012]. Thus, the E-modul depends linearly on bisacrylamide concentration 
[Hazeltine et al. 2012; Oyen 2014]. The PIL hydrogel poly(VEImBr) broke at an elongation 
of 80.4 ± 16.7%. PAAm networks were even more elastic, stretching to 1.5 times their initial 
length till rupturing (136 ±10%). Despite, the maximum elongation length of poly(VEImBr) 
hydrogel was shorter than that of PAAm hydrogel, the E-modulus of the poly(VEImBr) 
hydrogel was almost the same value of the PAAm hydrogel. These results suggest that 
prepared PIL hydrogels are able to replace PAAm-type hydrogels.  
In summary, stiffness of the prepared hydrogels were in following order: Ca-alginate > 
PAAm > poly(VEImBr). E-modulus as well as strain values from the investigated hydrogels 
based on polymerized ionic liquids are summarized in Table 4-1 (stress-strain curve only 
shown for poly(VEImBr)).  
The synthesized hydrogel based on poly(VEImBr) showed the superior elongation compared 
to other PIL hydrogels. The lower the E-modulus is, the higher the flexibility of the specimen. 
The lowest E-modul was obtained for poly(VEImAc) hydrogels.  
Table 4-1 Elastic (E) modulus, stress and strain values from different PIL hydrogels (n ≥ 3) 
Hydrogel E-modul [Pa] Stress-at-break [kPa] Strain-at-break [%] 
Poly(VEImBr) 132.0 ± 9.9 14.6 80.4 ± 16.7 
Poly(VBImBr) 64.6 ± 2.4 6.03 62.2 ± 18.4 
Poly(VBImCl) 49.4 ± 6.8 4.14 65.7 ± 3.5 
Poly(VEImAc) 20.3 ± 1.6 1.54 54.9 ± 14.1 
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4.2.2 Compression behavior of various fresh hydrogels  
Compression tests were performed to complete the investigation of the mechanical behavior 
of synthesized hydrogels. Deformation can be used to fully characterize the mechanical 
stability of a material and is essential for the use in biomedical applications e.g. as artificial 
tissue. The stress-compression curves for PAAm and poly(VEImBr) hydrogels were similar. 
However, covalently cross-linked PAAm networks could be compressed up to 82.4 ± 1.2% 
(277.6 kPa), whereas with PIL based hydrogels compressions of up to 75.3 ± 0.8% were 
possible and stress values of 51.5 kPa were recorded (Figure 4-2).  
 
Figure 4-2 Compression curves of Ca-alginate, PAAm and poly(VEImBr) hydrogels at 
22 ± 2 °C (n ≥ 3) 
Literature data for the compression of PAAm hydrogels range from 300 - 1.4 MPa [Li et al. 
2011a]. The stress value of synthesized PAAm hydrogel (8% gel concentration with 0.8% 
cross-linker content) was a little bit lower than the one given in literature with different gel 
composition [Li et al. 2011a]. In the initial linear region of the curve the materials follow 
Hooke´s law, where they deform elastically and return to their initial length when the stress is 
removed. The slope of this linear segment correlates to the elastic modulus [Callister et al. 
2007]. Above a specified point the specimen will not return to its original length (rupture-
fracture point). Treated Ca-alginate hydrogels were compressible up to 52.9 ± 2.3%; the half 
of their initial height. The stress value of Ca-alginate hydrogels was 42.5 kPa, thus lower than 
poly(VEImBr) hydrogels. In literature the compression modulus of alginate hydrogels ranges 
from less than 1 kPa to greater than 1000 kPa [Drury et al. 2004; Pajic-Lijakovic et al. 2010]. 
Poly(VEImBr) hydrogel was broken like the Ca-alginate hydrogel by stress values higher than 
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50 kPa. In summary, ionically cross-linked networks were not as compressible as covalently 
cross-linked networks. The compression value of poly(VEImBr) hydrogel was almost the 
same as PAAm hydrogel. The very favorable compressibility of PIL hydrogels is shown in 
Figure 4-3. As Figure 4-3c clearly shows, poly(VEImBr) gel did not break for strains up to 
70% (c). 
 
Figure 4-3 Representative picture: compression of poly(VEImBr) hydrogel: a) 0%, b) 40% 
and c) 70% at 22 ± 2 °C 
For compression, the size of the anion as well as alkyl chain length had a noticeable influence 
shown in Figure 4-4a. A butyl-group resulted in similar compressibility until rupture 
compared to the ethyl-group with bromide as anion. Stress values showed a larger difference 
(poly(VBImBr): 32.9 kPa vs. poly(VEImBr) 51.5 kPa). Compared to the longer alkyl chain 
length on the imidazole cation, the anion is more important for the compressibility. 
Poly(VBImCl) (74.3 ± 1.5%) was softer then poly(VBImBr) (65.8 ± 2.0%) but the stress 
value differed about 1.2 kPa. Mechanical strength could be tailored by varying the content of 
cross-linking agent (Figure 4-4b), e.g. poly(VBImBr) with 0.6 mol% cross-linker (instead of 
1.7 mol%) resulted in a softer hydrogel (max. stress value: 49.8 kPa, compression up to 75%) 
and poly(VBImCl) with lower cross-linking content (1.6 mol%) resulted in a stiffer material 
(max. stress value: 30.8 kPa, compression up to 68%).  
Poly(VEImAc) shown a similar compression value (74.8 ± 1.8%) to poly(VEImBr) and 
poly(VBImCl), but the stress value was only 20.1 kPa. The mechanical behavior of 
poly(VEImBr) and poly(VEImAc) hydrogels was considerably different by examination of 
the exposed stress (e.g. 70% compression: 26 kPa vs. 6.7 kPa). In comparison to all 
synthesized PIL hydrogels poly(VEImAc) was the softest material. Size of the anion seemed 
to be essential for mechanical properties of hydrogels. Of equal importance for the hydrogel 
properties are the ratio of ionic liquid to cross-linker as well as water content. The resulting 
mechanical properties for poly(VEImBr) hydrogels with varying composition are summarized 
in Table 4-2. 
0% 40% 70%
a) b) c)
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Figure 4-4 Compression curves of (a) various polymerized ionic liquid hydrogels; (b) with 
different IL to cross-linker ratios for poly(VBImBr) and poly(VBImCl) hydrogels 
at 22 ± 2 °C (n ≥ 3) 
 
Table 4-2 Influence of water content and cross-linker (CL) ratio on mechanical behavior 
(compression) of poly(VEImBr) hydrogels (with composition of the hydrogels) 
WC [vol%] CL content 
[mol%] 
VWater [µL] VCL [µL] Stress-at-break 
[kPa] 
Strain-at-break 
[%] 
64 1.7 1450 985 23.5 63.5 ± 2.1 
69 1.7 2335 985 51.5 75.3 ± 0.8 
74 1.7 3335 985 50.4 69.2 ± 4.8 
69 1.4 2335 800 21.9 69.4 ± 2.1 
69 1.7 2335 985 51.5 75.3 ± 0.8 
69 2.1 2335 1200 33.0 63.9 ± 4.1 
WC: water content; CL: cross-linker  
More water in the polymer network resulted in softer hydrogels with a lower cross-linker 
density. Therefore, increasing water content causes less stiffness of the specimen. Lower 
water content resulted in rupture at a lower compression of only 65%. The higher the cross-
linker ratio was, the higher the fragility of the hydrogels as they become more brittle (Figure 
4-6). A bisacrylamide content of 1.7 mol% resulted in the highest compression (~75%) and 
stress value (52 kPa) compared to other tested cross-linker contents. In summary, all 
synthesized PIL hydrogels could be compressed more than 60%, more than half of their initial 
length. This value was much smaller for Ca-alginate hydrogels. On the other hand, for PAAm 
hydrogels compression up to 83% and higher stress values were achieved.   
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In conclusion, mechanical properties of the obtained hydrogels could be influenced by varying IL 
to cross-linker ratio. Commonly, an increase of the cross-link density results in stiffer hydrogel 
materials [Kong et al. 2003; Hao et al. 2013]. Synthesized hydrogels based on polymeric 
ionic liquids provide favorable flexibility, controllable by variation of the cross-linker content. 
Covalently cross-linked networks were more stretchable (about 80-130% of their initial 
length) than calcium alginate hydrogel materials (about 50%) as ionic-type network. In 
addition, all novel hydrogels based on polymerized ionic liquids were compressible more than 
60-75%, pressing half of their initial length compared to calcium alginate hydrogels (about 
50%, 42.5 kPa). However, PAAm hydrogels presented the best compression up to 83% with 
the highest stress value (277.6 kPa). The mechanical properties of the hydrogel materials, 
particularly with regard to elastic modulus, depend on the cross-linker ratio, the water content, 
the gelling and the storage environment, as well as the charge densities of the polymer 
network [Okay 2010; Pajic-Lijakovic et al. 2010].  
The intention was to design materials that can replace hydrogels such as calcium alginate 
which is lack of long-term stability. The development of PILs as novel hydrogel 
compartments with advantageous mechanical performance should enable these materials for 
biomedical in-vitro applications. These hydrogels are able to incorporate and deliver drugs 
like paclitaxel or triamteren. According to this, they can be used as tissue model materials to 
create artificial vessel walls and as hydrogel compartments within a vessel-simulating flow-
through cell for in-vitro study of drug release and distribution of coated medical devices such 
as stents or balloon catheters. For direct in-vivo applications such as tissue engineering 
scaffolds or as drug-delivery vehicles their biocompatibility has to be investigated. First, only 
mechanical properties were studied to evaluate these novel materials as hydrogel 
compartments. Thus, the biocompatibility of these materials was not important. For 
hydrogels, the key for their successful use in tissue engineering is the sophisticated control of 
the mechanical properties [Lee et al. 2001; Kong et al. 2003; Oyen 2014]. 
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4.2.3 Drying and storage effects in different solvents on mechanical behavior of 
poly(VEImBr) hydrogels 
Since the pioneering work of Wichterle and Lim [Wichterle et al. 1960], hydrogels have 
received tremendous interest for a wide range of applications in biomedical, pharmaceutical 
and related fields such as wound dressings with chitosan-based antibacterial hydrogels, as 
well as materials for contact lenses, drug-delivery systems and tissue engineering scaffolds 
[Hoffman 2001; Lee et al. 2001; Drury et al. 2003; Langer et al. 2003; Lu et al. 2014]. Often 
the range of application is limited by their mechanical properties [Tanaka et al. 2005; 
Varghese et al. 2006].  
As already mentioned, mechanical characteristics depend on the gelling and storage 
environment, the cross-linker density, the water content as well as the charge densities of the 
polymer network [Tanaka et al. 2005; Pajic-Lijakovic et al. 2010; Wang et al. 2011]. 
Therefore, a couple of research groups published different techniques to enhance the 
mechanical properties of hydrogel materials [Li et al. 2013; Liu et al. 2013; Takemoto et al. 
2014]. For a suited application of hydrogels the characteristics of swelling, shrinking and 
drying kinetics are very important. In this work, the impact of drying processes and storage 
effects in different solvents on the mechanical properties of poly(VEImBr) hydrogels were 
investigated. The importance of dehydration on the mechanical strength of poly(VEImBr) was 
determined using different conditions and periods of time, shown in Figure 4-5.  
Three types of water have been classified in hydrophilic polymer gels: bound water (non-
freezing), intermediate water (freezing interfacial) and free water [Hatakeyama et al. 1998]. 
First, due to the free water evaporation the polymer network shrinks, followed by intermediate 
and bound water. Here, poly(VEImBr) hydrogels showed a favorable, uniform shrinking 
behavior with a loss of up to 40% (after drying: 6 mm x 6 mm, see Figure 4-7) according to 
their initial size. The dried hydrogels exhibited an improved compressibility. While fresh 
poly(VEImBr) hydrogels were compressible up to 75.3 ± 0.8% (stress value: 51.5 kPa), 1-day 
dried hydrogels showed a higher compression (82.6 ± 2.3%) at a stress value of 200 kPa. 
After 4-day drying in air still no rupture was observed during compression experiments. Thus, 
controlled dehydration processes resulted in strengthened hydrogels with high compressibility 
(Table 4-3).  
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Figure 4-5 Stress-compression curves of poly(VEImBr) hydrogels dried in air at 22 ± 2 °C 
for various days and dried in a vacuum drying oven (VDO) at 25 °C for one day at 
different pressures (n = 3) 
Table 4-3 Poly(VEImBr) hydrogels after drying in air at 22 ± 2 °C for several days (1, 4, 7 
and 30 days) and dried in a vacuum oven at 25 °C at various pressures (10, 250 
and 500 mbar) 
Conditions Rupture Stress-at-break 
[MPa] 
Compression-at-break 
[%] 
Stress-at-80% 
compression [MPa] 
1 day Yes 0.20 82.6 ± 2.3 0.09 ± 0.003 
4 days No - - 0.65 ± 0.01 
7 days No - - 3.05 ± 0.34 
30 days No - - 8.63 ± 0.69 
500bar Yes 0.54 77.0 ± 12.1 - 
250 mbar Yes 4.44 94.4 ± 2.2 0.18 ± 0.02 
10 mbar Yes 10.4 15.7 ± 5.0 - 
 
Moreover, compressed hydrogels possess beneficial elasticity and hence return to its initial 
shape within a few minutes (Hooke´s law). Further drying to 7 and 30 days increased the 
stress-at-80%-compression to 3.05 ± 0.34 MPa and 8.63 ± 0.69 MPa, respectively. 7-day-
dried poly(VEImBr) hydrogels were compressible to 2% of its initial height (98%) with a 
tremendous stress values of 16.4 ± 0.1 MPa. These results correspond with state of the art-
hydrogels used in cartilage treatment (compression stress 0.5 to 10 MPa) [Park et al. 2008]. In 
addition, poly(VEImBr) hydrogels, which were dried in a vacuum oven, showed different 
mechanical properties in response to various pressures (Figure 4-5). Hydrogels dried at 
10 mbar were only compressible up to 15.7 ± 5.0% (stress value: 10.4 MPa), whereas a 
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pressure of 250 mbar facilitated the best compression of 94.4 ± 2.2% by a stress value of 
4.44 MPa. Interestingly, the lowest stress value exhibit poly(VEImBr) hydrogels dried at 
500 mbar (0.54 MPa), which indicates a direct relationship between applied pressure and 
mechanical properties. Finally, all hydrogels were ruptured and compared to hydrogels dried 
in air for 1-day (stress value: 200 kPa) exhibit these hydrogels higher stress values (0.54 -
 10.4 MPa). The conditions during the dehydration of the hydrogel materials were crucial for 
the mechanical properties. The higher the surrounding humidity, the lower is the dehydration 
rate due to lower concentration gradients (Figure 4-5).  
In analogy to poly(VEImBr) further polymerized ionic liquid hydrogels (poly(VBImBr) and 
poly(VBImCl)) were investigated. The hydrogels were dried in air (7-days) and compressed 
for mechanical stability-characterization (Figure 4-6). Without considerable differences in 
shrinking rates of (1) poly(VEImBr), (2) poly(VBImBr) and (3) poly(VBImCl) hydrogels (see 
Figure 4-7) showed no rupture due to compressive load and the stress-compression curves for 
(1) and (2) hydrogels are similar. However, dried hydrogels of (3) were softer and possess less 
mechanical strength (7.8 ± 0.9 MPa by 98% compression) compared to (1) with a stress value 
of 16.4 ± 0.1 MPa and to (2) with 14.1 ± 1.0 MPa (compressed both 98%).  
 
Figure 4-6 Stress-compression curves of different hydrogels based on polymerized ionic 
liquids (poly(VEImBr), poly(VBImBr) and poly(VBImCl)) dried in air at 
22 ± 2 °C for 7 d (n = 3)  
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Luong et al. reported drying effects of poly(ethylene glycol) hydrogels on the mechanical 
properties (compression and tensile tests) [Luong et al. 2013]. Considerable changes in the 
compression values only occurred for selected processed hydrogels of PEG, thus no selected 
trend were achieved. 
 
Figure 4-7 Representative pictures of fresh and shrunken hydrogels of polymerized ionic 
liquids (poly(VEImBr), poly(VBImBr) and poly(VBImCl); hydrogels left – fresh, 
hydrogel right – dried (96 h) 
A further improvement of the mechanical properties is possible with the addition of a 
copolymer [Qiu et al. 2003; Way et al. 2014]. In case of poly(VEImBr), the influence of a 
further component, other ILs, was evaluated by exchange of water before gelling. Compared 
to (1) hydrogels without IL addition (stress value: 51.5 kPa, compressible up to 75.3 ± 0.8%) 
stiffer gels were achieved when water is replaced by the IL 1-ethyl-3-methyl-imidazolium 
acetate (26.1 kPa, 56.1 ± 8.0%). The IL AMMOENG™ 110 resulted on the other hand in 
softer gels (79.1 ± 0.2%, 49.6 kPa).  
The dried PIL hydrogels show another color than the fresh ones in contrast to PAAm 
hydrogels (Figure 4-7). They are in fresh and dried condition a colorless material. The Ca-
alginate hydrogels are also darker when they are dried (yellow to brown).  
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Focussing on the mechanical properties of hydrogels, the storage effects in different solvents 
were investigated. Here, poly(VEImBr) hydrogels were dried in air (9-days), stored in various 
solvents (1-day) and subsequently characterized by compression (Figure 4-8, Table 4-4).  
 
Figure 4-8 Stress-compression curves of poly(VEImBr) hydrogels: a) dried in air at 
22 ± 2 °C for 9-days and subsequently stored in the respective solvent for 1-day 
(stress in MPa); b) dried in air at 22 ± 2 °C for 9-days and subsequently stored in 
the respective solvent for 1-day (stress in kPa) (n = 3) 
Table 4-4 Storage of dried poly(VEImBr) hydrogels (9-days) in different solvents for 1-day 
Solvent Mass dried 
hydrogel (9-days) 
[g] 
Mass after storage 
(1-day) [g] 
Height [mm] Diameter [mm] 
water 0.308 5.953 16 16 
dimethyl sulfoxide 0.311 n. d. n. d. n. d. 
dichloromethane 0.317 0.317 6 6 
n-heptane 0.307 0.307 6 6 
ethyl acetate 0.308 0.294 6 6 
tetrahydrofuran 0.316 0.303 6 6 
ethanol 0.306 0.764 7 7 
acetonitrile 0.314 0.305 6 6 
n. d.: not determinable  
In general, the transport of solutes through hydrogels and into surrounded media is based on 
diffusion, as long as the hydrogel is in an equilibrium swelling state [Peppas et al. 2012]. In 
contrast to this, the diffusion through a pure polymer network is influenced by various 
parameters, including solute size and shape, free volume in the polymer matrix and general 
polymer properties, e.g. stiffness, polarity and morphology. The cross-linking ratio, the 
polymer-solvent compatibility and the chemical structure of the polymer are other important 
factors that affect the swelling ratio of such compounds [Peppas et al. 2012; Thakur et al. 
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2012]. Macroscopically, the Fick´s first and second law describe the solute diffusion [Peppas 
et al. 2000; Peppas et al. 2012]. Dried hydrogels exhibit no noticeable swelling due to the 
storage in (non-) polar aprotic solvents such as ethyl acetate, tetrahydrofuran, acetonitrile or 
n-heptane. However, all treated poly(VEImBr) hydrogels were compressible above 80% at 
very high stress values (Figure 4-8a in MPa). Only the swelling in water after drying of the 
hydrogel resulted in a rupture at a compression of only 47.5 ± 4.8% at a stress value of 
14.2 kPa. Interestingly, water swollen poly(VEImBr) hydrogels (swell up to 132% of their 
initial shape after drying) show less mechanical properties. In accordance with literature, the 
mechanical strength decrease with an increased swelling of the hydrogel [Gupta et al. 2012]. 
Considerable swelling of dehydrated poly(VEImBr) hydrogels were also achieved by addition 
of polar solvents such as ethanol (swell + 56%, compression: 65.9 ± 2.0%, stress value: 
29.6 kPa) and dimethyl sulfoxide (swell + 66%, compression: 41.0 ±6.6%, stress value: 
8.8 kPa). Thus, the swelling ratio is clearly correlated to polarity and also viscosity of the 
applied solvent, as shown by Baumberger et al. [Baumberger et al. 2006]. The used organic 
solvents show differences according to re-swelling with respect to the mechanical stability 
(Figure 4-8).  
The dried hydrogels, which were stored in dimethyl sulfoxide were broken (Table 4-4). 
Swelling of the hydrogels was too high and these hydrogels were not stable. After 6 months 
of drying a reversible swelling in water is possible. Dried hydrogels swell in ethanol and show 
no change in solvents like dichloromethane, n-heptane, ethyl acetate, tetrahydrofuran as well 
as acetonitrile.  
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Moreover, freshly synthesized poly(VEImBr) hydrogels were stored in the same solvents (1-
day) and subsequently characterized by compression to compare their swelling behavior to 
those of previously dried ones (Figure 4-9, Table 4-4).  
 
Figure 4-9 Stress-compression curves of fresh poly(VEImBr) hydrogels stored in different 
solvents for 1-day (n = 3) 
Compared to the obtained values of previously dried poly(VEImBr) hydrogels, less swelling 
occurred using fresh hydrogels because of the higher initial water content of 69%. As Figure 
4-9 clearly shows that fresh poly(VEImBr) hydrogels become stiffer in different solvents at 
considerably lower stress values compared to originally dried hydrogels. However 
poly(VEImBr) hydrogels stored in acetonitrile and tetrahydrofuran exhibit high stress values 
(above 140 kPa), while a storage in ethyl acetate and n-heptane facilitated similar 
compression and stress values. Furthermore, the incorporation of high loadings of water or 
dimethyl sulfoxide resulted in hydrogels with lower stiffness compared to fresh 
poly(VEImBr) hydrogels. However, the storage in immiscible or hardly water-miscible 
solvents such as n-heptane or ethyl acetate resulted in similar stress-compression curves in 
comparison with untreated, fresh poly(VEImBr) hydrogels including corresponding points of 
rupture.  
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Important characteristics like viscosity and density of the used solvents are listed in Table 4-5.  
Table 4-5 Mechanical characteristics of fresh poly(VEImBr) hydrogels stored in different 
solvents for 1-day (n = 3) 
Solvent Mw 
[g/mol] 
Viscosity 
[mPa s] 
Density 
[g/cm-3] 
Dielectric 
constant 
Miscibility 
in water 
[%] 
Mass 
fresh 
gel 
[g] 
Mass 
after 
storage 
[g] 
Height, 
Diameter 
[mm] 
Stress-
at-
break 
[kPa] 
Compression
-at-break [%] 
None n.a. n.a. n.a. n.a. n.a. 0.863 - 10, 10 51.5 75.3 ± 0.8 
water 18.0 1.00 1.00 80 100 0.866 4.456 16, 16 12.7 50.8 ± 1.9 
DMSO 78.1 2.24 1.10 47 100 0.847 2.961 15, 15 11.9 51.2 ± 6.2 
DCM 84.9 0.43 1.33 9.1 1.60 0.864 0.708 8, 9 119 67.8 ± 13.6 
n-Heptane 100 0.42 0.68 1.8 3·10-4 0.864 0.838 9.5, 9.5 49.7 67.6 ± 6.2 
EtOAc 88.1 0.46 0.90 6.0 8.70 0.874 0.501 7, 7 17.0 66.6 ± 7.4 
THF 72.1 0.55 0.89 7.5 100 0.831 0.409 7, 7 112 82.2 ± 2.2 
ethanol 46.1 1.21 0.82 30 100 0.866 0.449 8, 8 141 84.7 ± 1.8 
ACN 41.1 0.37 0.79 37 100 0.888 0.233 6, 6 145 79.1 ± 0.7 
Mw: molecular weight; n. a.: not available; DMSO: dimethyl sulfoxide; DCM: dichloromethane; EtOAc: ethyl acetate; THF: tetrahydrofuran; 
ACN: acetonitrile 
Hence, in contrast to dried hydrogels non-polar solvents cause no remarkable effects on the 
mechanical properties of fresh poly(VEImBr) hydrogels and qualify them as a potential media 
for the storage of fresh poly(VEImBr) hydrogels. Fresh hydrogels also slightly shrunk in n-
heptane and ethyl acetate, −1.8% and −5.3%, respectively. During the storage of freshly 
gelled poly(VEImBr) hydrogels in tetrahydrofuran, acetonitrile or ethanol larger hydrogel 
shrinkage (−30%) associated with higher stress values and improved compressibility were 
achieved. A major exception is water since no significant difference was found (first dried and 
stored in water vs. freshly stored in water).  
In conclusion, dried hydrogels showed no obvious swelling due to the addition of (non-)polar 
aprotic solvents such as ethyl acetate, tetrahydrofuran, dichloromethane, acetonitrile and n-
heptane. However, all treated poly(VEImBr) hydrogels can become softer after solvent 
exchange or feasible mixing, and no crack was formed (stress value in the level of MPa). 
Noticeable swelling of dehydrated poly(VEImBr) hydrogels can be obtained by adding polar 
solvents like ethanol, dimethyl sulfoxide or water. Thus, the hydrogels were compressible in 
the range of 50-66% at stress values lower than 35 kPa. According to published reports the 
mechanical strength decreases with a rise in swelling [Butler et al. 2006; Gupta et al. 2012]. 
Lizawa et al. reported that the swelling rate became higher with increasing cross-linker 
content in case of poly(N-isopropylacrylamide) gel beads [Lizawa et al. 2007]. Thus, there 
exists a dependency between the cross-linker content and swelling behavior of the hydrogels 
[Okay 2010].  
Results and discussion 55 
 
 
The absorption of high amounts of water or dimethyl sulfoxide resulted in hydrogels with 
lower compressibility. However, the addition of solvents such as dichloromethane, ethyl 
acetate or n-heptane to the fresh hydrogels resulted in similar stress-compression curves. 
Thus, non-polar solvents do not affect the mechanical properties and are suitable for hydrogel 
storage. On the other hand, fresh hydrogels in tetrahydrofuran, ethanol or acetonitrile showed 
greater hydrogel shrinkage related with higher stress values (2 to 3-fold) and enhanced 
compressibility (about 80%). This study enables a design and control of the mechanical 
characteristics of the hydrogels based on PILs which are important for biomedical 
applications.  
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4.3 Water exchange of fresh poly(VEImBr) hydrogels in different 
solvents 
Next to mechanical investigations of fresh poly(VEImBr) hydrogels stored in different 
solvents Karl-Fischer-titrations were performed. The water exchange of poly(VEImBr) 
hydrogels in different organic solvents was investigated. Fresh poly(VEImBr) hydrogels 
(10 x 10 mm) were stored in different solvents (7 mL) and after certain times (up to 24 h), the 
water content in the solution was analyzed (n ≥ 3). The results for five various solvents are 
shown in Figure 4-10. The water content of the respective solvent was taken as a reference.  
 
Figure 4-10 Water exchange of poly(VEImBr) hydrogels in different solvents measured 
with Karl-Fischer at 22 ± 2 °C 
A storage of the hydrogels in ethanol and dimethyl sulfoxide resulted in the highest water 
content (> 100000 ppm). Thus, more water diffuses in the organic phase (solvent) compared 
to n-heptane (< 50 ppm) or ethyl acetate. The solvent n-heptane could be used as a storage 
media for the hydrogels because of the low mass loss as well as the kept size of the hydrogel 
during the storage. All curves show the same trend; after an increase of the water content in 
the organic solvent is reached an equilibrium.  
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The miscibility of water with n-heptane is the reason for the observed values. Water and n-
heptane forms a two-phase system and because of that only a very low diffusion of water into 
the solvent are observed. Non-polar solvents like n-hexane or n-heptane are perfect storage 
media for the hydrogels. Failing this, the hydrogels are drying.  
When the water content with the compression-at-break value was compared, there seems to be 
no direct correlation. Fresh poly(VEImBr) hydrogels stored in solvents like tetrahydrofuran or 
ethanol shown similar water contents (0.09 vs. 0.11%) and similar compression values (see 
Table 4-5, > 80%). The storage of fresh hydrogel in dimethyl sulfoxide resulted in a high 
water content (> 0.1%). However, these hydrogels were only compressible up to 50%. 
Solvents like ethyl acetate and n-heptane shown similar compression values after storage for 
1-day but the water contents in the organic solvent is quite different.  
  
58 Results and discussion 
 
 
4.4 Thermal characterization of hydrogels 
Thermo gravimetry is commonly used to determine thermal properties of materials. Mass 
loss, decomposition, oxidation or loss of volatiles can be investigated [Coats et al. 1963]. 
Within this study the weight loss of different hydrogels as a function of increasing 
temperature was studied to evaluate the thermal stability of different hydrogel materials 
(Figure 4-11).  
 
Figure 4-11 TG curves of different hydrogels: Temperature program 25 to 800 °C (heating 
rate 5  K⋅min-1, furnace temperature 25 to 350 °C shown), measured under 
argon atmosphere 
Ca-alginate hydrogel was characterized by a first mass loss of about 97%, which corresponds 
to a complete loss of water from the material (Table 4-6). In contrast, PAAm and IL-based 
hydrogels were characterized by lower initial contents of water and therefore a decreased first 
mass loss. Ca-alginate hydrogel fully decomposed above 120-130 °C, when water was no 
longer present in the network. Therefore, Ca-alginate as an ionically cross-linked network 
with the highest water amount had the lowest thermal stability of all hydrogels. Covalently 
cross-linked networks exhibited higher thermal resistance. Different to Ca-alginate hydrogels 
TG curves for PAAm and IL-based hydrogels showed additional mass losses. Decomposition 
of covalently cross-linked networks began above 190 °C. Poly(VEImAc) hydrogel had the 
lowest decomposition temperature (195 °C) compared to other IL- based hydrogels. TG 
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curves for poly(VBImBr) and poly(VBImCl) hydrogels (not shown in Figure 4-11) were 
similar to the depicted poly(VEImBr) hydrogel (see Table 4-6). Water losses were slightly 
different and indicated inferior thermal stability to the poly(VEImBr) hydrogel. Thermal 
suitability of PIL hydrogels seemed to be dependent on anion size (T(Dec): poly(VEImBr) > 
poly(VEImAc); T(Dec): poly(VBImBr) > poly(VBImCl)) as well as alkyl chain length at the 
imidazole cation (T(Dec): poly(VEImBr) > poly(VBImBr)). Due to the lower water content, 
polymerized IL hydrogels exhibited higher stabilities concerning thermal treatment compared 
to Ca-alginate hydrogels. Obtained results for the mass loss of water correspond to the initial 
amount of water within the polymer network. Small variances in results were caused by the 
fast dehydration of the hydrogel matrices.  
Table 4-6 Onset points (decomposition) and peaks of various hydrogels plus first mass loss 
Hydrogel Mass loss water [%] T(Dec) [°C] Peak [°C] 
Ca-alginate 97.5 n. d. n. d. 
PAAm 89.8 375 378 
poly(VEImBr) 62.2 275 302 
poly(VEImAc) 70.4 195 221 
poly(VBImBr) 64.8 261 299 
poly(VBImCl) 68.5 246 295 
n. d.: not determinable  
Decomposition temperatures of the polymerized ionic liquid hydrogels (1a-4a) were in the 
same order of magnitude as for ILs (1-4) used as starting material. Similar to the mechanical 
properties alkyl chain length and anion had some influence on the thermal properties, but was 
less pronounced. The water content had no significant effect on the decomposition 
temperature of the hydrogel (Figure 4-12a). Only the first mass loss for water was different in 
the TG curves. However, the highest thermal stability was achieved with the lowest amount of 
cross-linker (TDec, 1.4mol%: 322 °C and TDec, 2.1mol%: 273 °C, shown in Figure 4-12b). 
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Figure 4-12 TG curves of poly(VEImBr) hydrogels with (a) different water content and (b) 
different cross-linker content. Temperature program 25 to 800 °C (heating rate 
5  K⋅min-1), measured under argon atmosphere 
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4.5 In-vitro studies of drug-coated balloon catheters 
In 1978 the pioneering work performed by Grüntzig introduced the percutaneous transluminal 
coronary angioplasty (PTCA) [Gruntzig 1978]. At a later time, the inception of stents 
permitted the control of elastic recoil and flow-limiting dissection [Sigwart et al. 1987; Kleber 
et al. 2013]. The balloon angioplasty revolutionized the coronary revascularization. However, 
restenosis caused by cellular proliferation and elastic recoil are disadvantages of angioplasty 
[Waksman et al. 2009]. In recent years, the paclitaxel drug-coated balloon (DCB) has been 
shown to be an effective technique in the prevention of restenosis in coronary and peripheral 
artery diseases [Scheller et al. 2006; Afari et al. 2012; Kleber et al. 2013].  
Until now, there are only a few in-vitro studies presented, characterizing and describing the 
simulated use of drug coated balloon catheters in an in-vitro vessel model [Petersen et al. 
2013a; Petersen et al. 2013b; Seidlitz et al. 2013]. In addition to pure paclitaxel (PTX) 
balloon catheters, different PTX formulations with additives such as urea, butyryl-tri-hexyl 
citrate (BTHC), iopromide and Shellac (aleuritic and shellolic acid) are commercially 
available. Thus, different balloon coating technologies are described in literatures [Kelsch et 
al. 2011; Loh et al. 2012; Krokidis et al. 2013]. The presence of a drug carrier plays an 
important role in the transfer of paclitaxel into the vessel wall from the balloon catheter [Afari 
et al. 2012]. In these in-vitro studies, the total drug deliveries of paclitaxel in different 
hydrogel compartments, acting as an artificial vessel wall, were investigated. The previously 
used models are far from physiological properties of the material, e.g. a silicone tube acts like 
an artery. Polymerized ionic liquids (PILs) were synthesized which are able to form 
hydrogels. Depending on the type of ionic liquid and degree of cross-linking the mechanical 
properties can be modified. In the presented study, these hydrogels were evaluated to act as 
vessel model and compared to known hydrogels. Next to calcium alginate as a natural 
hydrogel, synthetic polymers with good mechanical and long-term stability were also used. 
The drug transfer into the vessel wall as well as the wash-off from the vessel model after a 
simulated blood stream (for one minute) was determined in a vessel-simulating flow-through 
cell. An adapted vessel-simulating flow-through cell of Seidlitz et al. was used for the in-vitro 
study of DCBs [Seidlitz et al. 2011]. The obtained results were compared to a silicone tube as 
vessel model and different hydrogel characteristics were emphasized. The aim of the work 
was to find out the influence of the hydrogel compartments with regard to drug transfer. The 
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applied balloon catheters were coated with paclitaxel using the ionic liquid cetylpyridinium 
salicylate (Cetpyrsal) as a novel carrier [Petersen et al. 2013a]. A pipetting technique was 
used for the coating of the balloons, resulting in a drug surface load of approx. 3 µg/mm2. For 
an assessment of this study, the following values were analyzed by HPLC measurements: 
drug loss during insertion, total drug delivery upon dilatation (transfer into the hydrogel and 
wash-off from the hydrogel compartment by a simulated blood stream) and the residual load 
on the balloon catheter surface.  
4.5.1 Balloon coating 
Coating the balloon with a mixture of paclitaxel and IL can be prepared by different methods 
- pipetting, dip-coating and spray-coating process. Recently, light yellow Cetpyrsal crystals 
were applied as pharmaceutically active ionic liquid for coating of implant material [Bica et 
al. 2010; Stein et al. 2012]. The pipetting process with 50 wt.% PTX resulted in the most 
promising coatings as drug load (Figure 4-13a). These novel paclitaxel-coated balloon 
catheters based on Cetpyrsal were engineered by Petersen et al. in 2013 [Petersen et al. 
2013a]. Representative photographs and electron micrographs of coated balloon catheters 
(Cetpyrsal containing 50 wt.%, PTX) are shown in Figure 4-14. At higher PTX concentrations 
drug crystallization occurs (Figure 4-13c). 
 
Figure 4-13 Representative ESEM micrographs of pipetted-coated Cetpyrsal on PEBAX 
containing 50 (a), 75 (b) and 90 wt.% (c) PTX each at a target drug load of 
3 µg/mm2 
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Coated balloon catheters in expanded and folded condition are shown in Figure 4-14 (a-d). 
Homogeneous coating can be applied on the balloon catheter (Figure 4-14b). The applicability of 
Cetpyrsal was investigated as a novel matrix for PTX-coated balloon catheter.  
 
Figure 4-14 Representative photograph pictures (a-d) of uncoated and via pipetted coated 
(Cetpyrsal containing 50 wt.% PTX in a drug load of 3 µg/mm2) balloon 
catheters in expanded or folded conditions  
These balloon catheters were used for the in-vitro studies. After balloon inflation, a residual 
coating was still evident on the surface of the balloon. The entire load could not be transferred 
during balloon expansion. The residual loadings on the balloon surface were determined using 
HPLC measurements.  
4.5.2 Comparison of different hydrogels in a flow-through cell 
The first set of experiments of DCB compared different hydrogels as tissue models to 
evaluate drug release of PTX. Drug transfer, the retention of PTX into three different 
hydrogels as tissue models respectively vessel walls as well as the wash-off (release) from the 
hydrogel compartment within a vessel-simulating flow-through cell were investigated during 
balloon dilation. A PTX transfer should be examined by using different hydrogel 
compartments to determine the influence of the tissue model relating to the PTX transfer upon 
dilation. Certain properties of the used hydrogels to simulate a vessel wall such as 
permeability, flexibility and long-term stability of synthetic polymers (poly(VEImBr) and 
PAAm) are of particular importance. Calcium alginate as a natural polymer is easily 
accessible but has limited long-term stability. Monovalent cations such as Na+ dissolve the 
network within short time. In addition, alginate hydrogels are prone to microbial 
contamination.  
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Results for various vessel models are depicted in Figure 4-15. The total drug concentration 
was composed of (1) PTX loss during insertion (not depicted in Figure 4-15), (2) total PTX 
delivery upon dilation and (3) residual load of PTX on the balloon catheter surface. The total 
PTX delivery upon dilation composed of drug transfer into the hydrogel (2a) and drug wash-
off from the hydrogel compartment (2b) after 1 min by a simulated blood stream. In the 
following the results from the balloon dilations will be discussed.  
 
Figure 4-15 Drug transfer rates of paclitaxel for different in-vitro vessel models 
Drug loss during insertion (1): The guiding catheter and the balloon catheters were reused 
several times. Also balloons of different length and thus other total load on the surface were 
used for the experiments. After the first six balloon dilations, the PTX loss in the guiding 
catheter was only 6.6 ± 3.8%. Nevertheless, the PTX loss during insertion in the last test 
series of the first in-vitro study was very high with two different guiding catheters 
(46.2 ± 11.6%, 1.0 ± 0.2 µg/mm2). The reason remains unclear. 
Drug transfer into the vessel model (Figure 4-15, entry 2a): The PTX transfer into the vessel 
models are listed in Table 4-6. Drug delivered in the silicone tube was extracted with 
methanol (38.6 ± 3.4%, 1.02 ± 0.03 µg/mm2). Considerably lower PTX was delivered into 
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hydrogel-based vessel models. In the case of calcium alginate as the vessel wall, a PTX 
content in the hydrogel of 21.4 ± 10.7% (0.53 ± 0.23 µg/mm2) was detected. Alternatively, 
with PAAm as the vessel wall, only 2.8 ± 1.8% (< 0.1 µg/mm2) of PTX was transferred into 
the hydrogel. There are different possibilities for interpretation of the observed results. Drug 
transfer from coated balloons to the simulated vessel wall could occur in different ways. 
Paclitaxel may dissolve on contact with the hydrogel compartment and diffuse into the gel. 
Thus, solubility is very important for drug release and delivery. Dissolution depends on 
solubility of the used drug in 0.9% NaCl-solution. Liggins et al. published a maximum 
solubility of anhydrous PTX 3.59 ± 0.41 µg/mL in water after 3 h at 37 °C [Liggins et al. 
1997]. Another report described a solubility of <0.1 µg/mL in aqueous medium, which is 
quite low [Konno et al. 2003]. Water solubility could be increased by synthesis of derivatives, 
under the risk of changing pharmaceutical characteristics [Khmelnitsky et al. 1997]. Due to 
very poor solubility of PTX in water, transport via dissolution and diffusion into the hydrogel 
is not responsible for the main transfer. Another drug transfer pathway may occur by particle 
transfer of PTX due to prevailing mechanical forces during balloon expansion onto the vessel 
wall. Over a period of one minute, a contact between the expanded balloon and simulated 
vessel wall is established, thus allowing transfer of PTX particles. The contact time was 
consistent in every case, but the inner diameter of the silicone tube (3.0 mm) was different in 
comparison to the artificial vessel walls (3.14 mm). Hence, the prevailing mechanical forces 
during balloon expansion in the silicone tube were stronger and more PTX could be 
transferred. To conclude, the main PTX transfer during balloon expansion occurred due to 
prevailing mechanical forces. Furthermore, the hydrogel characteristics were important for 
PTX transfer and diffusion into hydrogels [Peppas et al. 2012]. PAAm and poly(VEImBr) 
were synthetic polymers with a specific cross-linker content (poly(VEImBr): 1.7% to PAAm: 
0.8% cross-linker content). On the contrary, the calcium alginate hydrogel is a natural 
polymer with variability in its properties. In addition to mechanical properties (flexibility) of 
the vessel models, different adhesion properties were present. This corresponds to different 
amounts of PTX wash-off from the vessel models after 1 min by a simulated blood stream 
(see Table 4-6 or Figure 4-16). Moreover, the diffusion of PTX into the vessel wall occurs at 
various rates, which may be related with the cross-linker content. This leads to PTX diffusion 
into synthetic polymers < 5% (poly(VEImBr) and PAAm) compared to the natural polymer of 
21.4 ± 10.7%.   
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Drug wash-off (release) from various vessel models after 1 min (Figure 4-15, entry 2b): A 
drug release time of only one minute was chosen to simulate a very fast PTX transfer and 
wash-off. The silicone tube is a hydrophobic material and showed the least amount of wash-
off (drug release) (< 1%) from the vessel model (see Table 4-7). Silicone tubes as a vessel 
model were not very suitable because they are not similar to physiological uptake behavior. A 
hydrogel is a network of polymer chains that are hydrophilic and should be more appropriate 
[Kim et al. 2014a; Kim et al. 2014b].  
Table 4-7 Total PTX delivery upon dilation in different vessel models after simulated use in 
an in-vitro model 
 Silicone tube Calcium alginate Poly(VEImBr) PAAm 
wash-off after 
1 min < 1% 41.2 ± 14.2% 28.7 ± 26.2% 17.8 ± 5.3% 
transfer into vessel 
model 38.6 ± 3.4% 21.4 ± 10.7% < 2% 2.8 ± 1.8% 
total PTX delivery 
upon dilation about 40% about 60% n. a. about 20% 
n. a.: not available 
With a hydrogel compartment as a vessel wall, the PAAm was able to achieve the lowest 
wash-off quantities (17.8 ± 5.3%, 0.40 ± 0.14 µg/mm2), compared to poly(VEImBr) 
(28.7 ± 26.2%) and calcium alginate (41.2 ± 14.2%, 1.15 ± 0.58 µg/mm2). Thus, the highest 
drug wash-off after 1 min was achieved in case of calcium alginate as the vessel model. The 
simulated vessel models chosen were important for an effective drug transfer. Thus, the drug 
delivery characteristic is dependent on the hydrogel compartment. With poly(VEImBr) as the 
hydrogel compartment, some analytical problems occurred. Thus, their potential could not be 
fully explored. The poly(VEImBr) hydrogel show strong swelling behavior in methanol 
which was used to extract the drug from the hydrogel. Most of the solvent diffused into the 
polymer and thus the hydrogel rapidly swells. In addition, the high salinity compromised the 
HPLC analysis of PTX (value for drug wash-off (2b) see Table 4-6) and therefore elongated 
peaks in the chromatogram were difficult to integrate together with a low interpretable 
reproducibility of the data. This could be overcome by using other drug candidates or models 
showing, for example, fluorescence. In summary, the hydrogel material was crucial for the 
total drug delivery upon dilation (Figure 4-16). Extraction of the vessel model to analyze PTX 
content was done only once. Since the drug is poorly soluble in water and because of binding 
to tissue structures, the PTX may persist longer in the vessel wall. Calculated curves for PTX 
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tissue concentration as function of time are provided in the literature. Within the first hour, the 
concentration decreases dramatically [Ruebben et al. 2010].  
Drug residue on the balloon (Figure 4-15, entry 3): The residual loads of PTX on the balloon 
catheter (3) were also determined. Extraction of the balloon in methanol resulted in the 
highest PTX concentration for the silicone tube (59.5 ± 4.6%, 1.6 ± 0.2 µg/mm2) as the vessel 
model, meaning most of the PTX remained on the balloon surface. Only 40% of the drug 
could be transferred during balloon dilation. However, considerably less drug on the balloon 
catheter surface were analyzed in the cases of dilation in calcium alginate (30.8 ± 7.6%, 
0.8 ± 0.2 µg/mm2) and PAAm (33.2 ± 15.3%, 0.8 ± 0.4 µg/mm2) as vessel models. 
Consequently, in both cases about 70% of the drug is removed from the balloon catheter.  
As already mentioned, PTX is characterized by its very low solubility. The balloon catheters 
used here exhibit homogeneous coating due to the use of an IL as a novel additive 
(Cetpyrsal/PTX, 50/50, w/w). There are no needle-like crystals present on the balloon surface. 
Previous experiments showed that the novel additive reduced the drug loss compared to a 
commercially available DCB with urea-based coating [Petersen et al. 2013a]. For this reason, 
there is the possibility to deliver (transfer) more PTX during the balloon expansion and 
therefore we concentrated on this novel DCB. The degree of crystallization is important; Afari 
et al. published that more crystalline coatings yield higher tissue levels and biological efficacy 
[Afari et al. 2012]. In contrast, less crystalline coatings resulted in improved uniformity and 
less particle formation [Afari et al. 2012]. Heilmann et al. had found (via an in-vivo study) 
that the advantageous effect of a hydrophilic additive such as using iopromide for higher 
tissue concentrations was antagonized by increased amounts of wash-off of used coatings 
[Heilmann et al. 2010]. Drug loss is a process constituted of mechanical loss by sheath 
passage and collisions with the vessel wall and dissolution of the coating in the blood stream 
[Heilmann et al. 2010]. This process will be simulated using a standard anatomic model 
adapted from ASTM F2394-07 (described in next section). Drug adherence and loss on the 
way to the vessel was tested in-vitro by Kelsch et al [Kelsch et al. 2011]. Drug loss upon 
passage through a blood-filled hemostatic valve and guiding catheter for one minute in stirred 
blood at 37 °C was investigated. Urea-based DCB lost 26 ± 3% and iopromide-based DCB 
lost 36 ± 11% of the total amount on the balloon [Kelsch et al. 2011].  
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In conclusion for the simulated use of DCB, the total drug delivery upon dilation is different 
for the used hydrogels simulating the vessel wall. Calcium alginate hydrogel as the vessel 
model showed the highest PTX delivery upon dilation. The wash-off from the alginate 
hydrogel was high (drug release after 1 min by a simulated blood stream: 41.2 ± 14.2%). 
However, 21.4 ± 10.7% of the drug diffused into the hydrogel. The silicone tube showed the 
least amount of wash-off (< 1%) from the vessel model after 1 min, but it is quite different to 
natural vessels. Poly(VEImBr) hydrogels as vessel models were difficult to analyze. In the 
case of PAAm as the vessel model, only 20% of PTX could be delivered upon dilation. In 
summary, the mass balance for PTX with HPLC measurements was determined: silicone tube 
2.65 ± 0.19 µg/mm2; calcium alginate 2.65 ± 0.55 µg/mm2 and PAAm 2.28 ± 0.36 µg/mm2. 
These results show a recovery rate of up to 89% for calcium alginate as well as the silicone 
tube and 76% for PAAm of the actual initial load (3 µg/mm2).  
  
Results and discussion 69 
 
 
4.5.3 Simulated use of DCB in the vessel-simulating flow-through cell after 
passage through an in-vitro vessel model according to ASTM F2394-07 
In order to simulate the implantation process, the vessel-simulating flow-through cell was 
combined with a model coronary artery pathway to estimate drug loss and transfer as well as 
particle release (Figure 4-16). Cetpyrsal-based DCBs were manually advanced through a 
tortuous vessel path, consisting of a guiding catheter with a guide wire. Calcium alginate and 
polyacrylamide hydrogels were used as tissue models for the simulated use in an in-vitro 
model (Figure 4-17). The obtained results can be compared with the data from Petersen et al. 
[Petersen et al. 2013a]. In their study, they also used the anatomic model according to ASTM 
F2394-07 with a silicone tube as the vessel model. Furthermore, Weitschies and co-workers 
used the anatomic model with a commercially available balloon catheter (pure PTX-coated 
balloon) [Seidlitz et al. 2013].  
 
Figure 4-16 Photograph of the model coronary artery pathway 
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Figure 4-17 Drug loss and transfer rates after simulated anatomic passage 
Drug loss during insertion (Figure 4-17, entry 1): The results show that large amounts of the 
coated drug (in total) were lost during the simulated artery pathway. In the case of PAAm as 
the vessel model (first test series), a PTX loss during insertion (1) of 43.3 ± 16.7% 
(1.2 ± 0.4 µg/mm2) was determined (Figure 4-17). Considerably higher loss was ascertained 
in the second test series with calcium alginate as the vessel model (1.8 ± 0.7 µg/mm2). This 
corresponds to a PTX loss of 80.3 ± 11.7%. The guiding catheter as well as the balloons was 
used several times. Also different balloon sizes were applied for the experiments. In contrast 
to the in-vitro study without an artery pathway considerably more drug was lost. Higher loss 
was to be expected because of simulation of the anatomic implantation process. Petersen et al. 
have published somewhat lower losses of PTX during the track of an average 30 – 40% 
[Petersen et al. 2013a]. In their in-vitro study they compared DCB coated in expanded and 
folded condition, but a other guiding (Cordis® Vista Brite Tip®; 5F; 1.4 mm ID; 100 cm) 
catheter as well as PEBAX balloons were used. Therefore, different conditions may be the 
reason for the observed difference.  
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Total PTX delivery upon dilation (Figure 4-17, entry 2): Only small transferred fractions were 
observed for both vessel models after passage of the balloon catheter through a simulated 
anatomic model. In the case of PAAm, a total PTX delivery upon dilation of 5.1 ± 2.1% 
(0.14 ±0.06 µg/mm2) was achieved. Similar transfer rates for PTX upon dilation were 
detected with calcium alginate as the vessel model (6.4 ± 3.8%, (0.13 ±0.07 µg/mm2). As 
before, a short wash-off time (drug release after one minute) was chosen to simulate the drug 
behavior after pass through the tracking model. With PAAm as the vessel model, a PTX 
content of 1.7 ± 0.7% could be detected in the wash-off solution. A similar value for calcium 
alginate as the vessel model was found (PTX content of 2.0 ± 1.1%) as wash-off from the 
hydrogel in the first minute. The PTX transfer into the hydrogel compartment was slightly 
higher (PAAm: of 3.4 ± 1.9%; calcium alginate: of 4.3 ± 2.8%). Thus, the drug diffused into 
the vessel model or adhered on the vessel wall and was not released in one minute into the 
medium. However, the total PTX delivery upon dilation was similar for two different vessel 
models after the simulated implantation process. Petersen et al. transferred more PTX in the 
silicone tube (up to 40%) with a PTX-Cetpyrsal balloon catheter (50:50, w/w) coated in a 
folded condition. With the balloon coated in an expanded condition, the PTX transfer in the 
silicone tube was lower (5-15%) [Petersen et al. 2013a]. Here, the used balloon catheters were 
coated in an expanded condition. Seidlitz et al. used pure PTX-coated balloons and showed 
PTX transfer rates to gel below 1% (calcium alginate as vessel model) [Seidlitz et al. 2013]. 
In their study, they also used a model of a coronary artery pathway to investigate drug loss 
and drug transfer to the gel. However, in our study with the novel DCB coating more PTX 
was delivered upon dilation (calcium alginate: 6.4 ± 3.8% compared to below 1%). In 
conclusion, the PTX transfer upon dilation depends on the coating of the balloon and the used 
vessel model simulating the vessel wall.  
Drug residue on the balloon (Figure 4-17, entry 3): Extraction of the balloon catheter in 
methanol resulted in a PTX content of 1.38 ± 0.46 µg/mm2 with PAAm as the vessel model 
(Figure 4-18). Consequently, there was still 51.4 ± 15.7% PTX remaining on the balloon 
surface and about 50% of the drug is removed from the balloon catheter. However, expansion 
of the balloon in calcium alginate yielded only 0.27 ± 0.14 µg/mm2 PTX residue on the 
balloon (13.3 ± 8.3%). The balloon was almost completely unloaded. From the total loading 
(approx. 3 µg/mm2), the following values were recovered to evaluate the mass balance of 
PTX: using PAAm as the vessel model, 2.67 ± 0.06 µg/mm2 (89%), and with calcium 
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alginate, 2.23 ± 0.49 µg/mm2 (74%). Also here, the mass balance shows reproducible values 
for PTX.  
Particle quantification: In addition to drug loss and transfer, particle measurements (>10 µm, 
>25 µm) were performed after track and dilation of the balloon (Table 4-8). These size limits 
(>10 µm, >25 µm) are assumed from the evaluation of surface and coating damage of stent 
delivery catheter. The estimated mechanism from DCB involves the delivery of particles to 
the inner lumen of coronary arteries, the release of particles or coating fragments in the 
coronary arteries. Complications are occlusions of small vessels or capillaries [Cortese et al. 
2012; Schmidt et al. 2013].  
Table 4-8 Particle quantification 
 
PAAm 
>10 µm 
PAAm 
>25 µm 
Calcium alginate 
>10 µm 
Calcium alginate 
>25 µm 
after track 230 ± 126 33 ± 16 580 ± 308 56 ± 27 
after expansion 4 ± 1 1 ± 1 9 ± 1 1 ± 1 
sum 234 ± 127 34 ± 17 589 ± 309 57 ± 28 
 
Quantified particles are mainly PTX particles because Cetpyrsal does not form any 
ascertainable particles in aqueous solution under used conditions. The number of particles 
correlates with drug losses during track. Using calcium alginate as the vessel model, a PTX 
loss of approx. 80% was determined and at total of 589 ± 309 particles (>10 µm) per mm2 
were generated. Contained particles >25 µm per mm2 were detected in a ratio of 1:10 
(57 ± 28). In contrast to lower loss of PTX in the track model, the expected sum of particles 
was decreased (234 ± 127 (>10 µm) per mm2, 34 ± 7 (>25 µm) per mm2 balloon surface). 
Petersen et al. described that DCB based on Cetpyrsal generated a lower quantity of particles 
(expanded condition: 280 ± 91 particles (>10 µm) per mm2 balloon surface) compared to 
commercially available DCB using a urea-based coating (329 ± 161 particles (>10 µm) per 
mm2 balloon surface) [Petersen et al. 2013a]. Amounts of particles generated from the PTCA 
balloon catheters by comparing two modified lubricous polymeric hydrogel coatings used at 
various thicknesses were demonstrated by Babcock et al. [Babcock et al. 2013]. [Babcock et 
al. 2013] In their study, a submicron coating (dry thickness of 0.5 µm) generates far fewer 
particulates than the micron coating (dry thickness of 2 µm) on the same substrate in a 
standard anatomic model adapted from ASTM F2394-07 [Babcock et al. 2013]. 
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In conclusion, drug-coated balloon catheters are an alternative for coronary and peripheral 
artery disease. Based on the limited number of published results of in-vitro characterization of 
drug coated balloons, there is a need for further research. Novel PTX-coated balloons using 
ionic liquid Cetpyrsal as an additive for the in-vitro study were applied. Drug delivery upon 
dilation in different tissue models (calcium alginate, poly(VEImBr) and PAAm) using a 
vessel-simulating flow-through cell was investigated and compared to a silicone tube as the 
tissue model. The highest PTX delivery upon dilation was achieved with calcium alginate as 
the vessel model (about 60%). However, a total PTX delivery upon dilation of 20% was 
determined with polyacrylamide as vessel model. The used vessel models showed seemingly 
various adhesion properties, thus the PTX wash-off quantities during simulated blood flow 
were different. The silicone tube showed the lowest amount of wash-off (< 1%) from the 
vessel model after 1 min simulated blood stream. The highest drug wash-off (release) was 
achieved with calcium alginate as vessel model. Moreover, the diffusion of PTX into the 
vessel wall occurs at various rates, which may be related to the cross-linker content of the 
hydrogels. In addition to solubility and thus diffusion of PTX, the hydrogel material as well as 
the coating was crucial for drug transfer from the balloon into the vessel wall when compared 
to reported data. Furthermore, the vessel-simulating flow-through cell was combined with a 
model coronary artery pathway to estimate drug loss during an anatomic implantation process. 
Vast amounts of the coated drug were lost during a simulated artery pathway. Only a small 
fraction of the total loads of PTX were delivered upon dilation. Similar transfer rates for PTX 
upon dilation were achieved with calcium alginate and PAAm as vessel models. The crucial 
drug delivery (transfer) upon dilation was examined with the aid of different hydrogel 
materials to evaluate the in-vitro research. These are important data for the in-vivo 
application. 
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5. Summary 
Four novel hydrogel materials based on polymerized ionic liquids were synthesized. These 
new hydrogels were characterized in respect to thermal and mechanical properties. The 
mechanical characterization was investigated by tensile and compression tests. All results 
were compared with commonly used hydrogels like calcium alginate as ionic-type network 
and polyacrylamide as cross-linked network. The mechanical and thermal properties of the 
obtained hydrogels could be influenced by varying IL to cross-linker ratio as well as water 
content. The synthesized novel hydrogels provide favorable flexibility, controllable by 
variation of the cross-linker content. Ca-alginate as ionic-type network with the highest water 
amount had the lowest thermal stability of all hydrogels. Covalently cross-linked networks 
exhibited higher thermal resistance. Furthermore, the impact of drying processes and storage 
effects in different solvents on the mechanical properties of poly(VEImBr) hydrogels were 
investigated. A gentle drying procedure of these hydrogels allows the preparation of 
strengthened materials with extremely high flexibility and compressibility without crack 
formation. Moreover, compressed hydrogels possess beneficial elasticity and hence return to 
its initial shape within a few minutes. Dried hydrogels exhibit no noticeable swelling due to 
the storage in (non-) polar aprotic solvents. Hence, in contrast to dried hydrogels non-polar 
solvents cause no remarkable effects on the mechanical properties of fresh poly(VEImBr) 
hydrogels and qualify them as a potential media for the storage of fresh poly(VEImBr) 
hydrogels. A major exception for the mechanical stability of poly(VEImBr) hydrogels is 
water since no significant difference was found (first dried and stored in water vs. freshly 
stored in water). The development of PILs with advantageous mechanical performance should 
enable these materials for biomedical in-vitro applications. In two in-vitro studies of DCBs, 
the drug deliveries of paclitaxel in different hydrogel compartments were investigated. The 
drug transfer into the vessel wall as well as the wash-off from the vessel model after a 
simulated blood stream was determined in a vessel-simulating flow-through cell. The 
hydrogel as well as the balloon coating was crucial for drug transfer from the balloon catheter 
into the vessel wall. The vessel-simulating flow-through cell was combined with a model 
coronary artery pathway to estimate drug loss during an anatomic implantation process. Vast 
amounts of the coated drug were lost during a simulated artery pathway. Only a small fraction 
of the total loads of PTX were delivered upon dilation. 
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6. Conclusion and outlook 
Novel hydrogel materials were successfully synthesized by radical polymerization of 
imidazolium-based ionic liquids. The polymerization of different imidazolium-based ionic 
liquids [VRIm][X] was studied, and the influence of alkyl chain length R and anion X on the 
gelation was investigated. Also, the water and the cross-linker content were examined. 
Moreover, mechanical and thermal properties of these novel hydrogels based on PILs were 
investigated in comparison to calcium alginate as ionically and polyacrylamide as covalently 
cross-linked networks. Thermal stabilities of all synthesized hydrogels were proved using 
thermal gravimetric analysis. Covalently cross-linked hydrogels showed higher thermal 
stability than calcium alginate networks. The mechanical properties were studied with tensile 
and compression tests. Also here, the covalently cross-linked networks were more stretchable 
than ionically cross-linked hydrogels (calcium alginate). All novel PIL-hydrogels were 
compressible more than 60%. PAAm networks exhibited the best compression values (83%). 
In summary, mechanical characteristics of the hydrogel materials could be regulated by the 
cross-linker content, the gelling and the storage environment, characteristics of the polymer, 
as well as the water content. These new PIL-hydrogels with advantageous mechanical 
performance should enable these materials for biomedical in-vitro applications such as tissue 
models.  
These novel hydrogels were used as tissue model to determine the drug transfer and release of 
drug-coated balloons. In this study, three different hydrogel compartments (calcium alginate, 
poly(VEImBr) and polyacrylamide) and a silicone tube as tissue models were investigated for 
DCB. The drug wash-off from the hydrogel compartment and the transfer into the material 
were analyzed using a vessel-simulating flow-through cell under a simulated blood flow. 
Novel paclitaxel-coated balloon catheters using ionic liquid cetylpyridinium salicylate as an 
additive for the in-vitro study were applied. The study resulted in the highest drug delivery 
upon dilatation with calcium alginate as the vessel model (about 60%). In case of 
polyacrylamide, a total drug delivery upon dilatation of 20% was analyzed. The silicone tube 
as a hydrophobic material exhibited the lowest amount of drug wash-off (< 1%) from the 
vessel model. The inserted vessel models showed various adhesion properties and 
consequently the paclitaxel wash-off quantities from the vessel wall were different. 
Furthermore, the diffusion of the used drug into the vessel wall occurs at various rates, which 
may be related to the cross-linker content of the hydrogel compartment. With the PIL-
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hydrogel as tissue model some analytical problems occurred and thus their potential could not 
be fully ascertained. The hydrogels based on polymerized ionic liquids exhibited strong 
swelling behavior. Moreover, the high salinity impeded the HPLC analysis and no 
reproducibility of the data was achieved. One possibility is to use other drug candidates or 
models showing, for example, fluorescence. Possible drug alternatives for the in-vitro study 
are fluorescein sodium, dexamethasone, rhodamin B and triamterene. It should be noted that 
in addition to the solubility and thus diffusion of the drug, the hydrogel material as well as the 
balloon coating are crucial for the paclitaxel transfer from the balloon into the vessel wall. 
Further measurements could be carried out under in-vivo conditions (e.g. pig or rabbit artery) 
with a simulated blood flow.  
Moreover, additional characterizations of the PIL-hydrogels were conducted. The drying and 
storage effects in different solvents on the mechanical properties of PIL hydrogel materials 
were investigated. Controlled dehydration processes resulted in strengthened hydrogels with 
extremely high compressibility without crack formation (stress values above 10 MPa). 
Subsequently, the hydrogels returned to the initial shape after unloading. Different drying 
procedures and drying times could be a suitable tool for the tune ability of mechanical 
strength of the PIL hydrogels. Focusing on the mechanical properties of hydrogels, the 
storage effects in different solvents were investigated. PILs were dried for 9-days in air, 
stored in various organic solvents (1-day), and subsequently loaded by compression. 
Moreover, freshly synthesized PILs were stored in the same solvents and loaded by 
compression to compare their behaviors to those of previously dried ones. Fresh PIL 
hydrogels became stiffer in different solvents at considerably higher stress values compared to 
originally dried ones. Non-polar solvents such as n-heptane caused no remarkable effects on 
the mechanical properties, so they can be qualified as a potential media for the storage of 
fresh hydrogels. During the storage in ethanol or acetonitrile, an improved compressibility 
was achieved. A major exception was water since no significant difference was found (first 
dried and stored in water vs. freshly stored in water). There existed various factors to 
influence the swelling, and thereby the mechanical behaviors of the used hydrogels next to the 
cross-linker content, e.g. the polarity as well as the aprotic/protic nature of the solvent, the 
density, the viscosity, the molecular weight and the water miscibility.  
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Furthermore, these novel PIL hydrogels could be used for other applications, e.g. enzyme 
immobilization, catalyst immobilization or as membranes in thin layers. The application 
possibilities can offer a broad potential for research in the future. Moreover, the 
biocompatibility of the PIL-based hydrogels must be investigated. For in-vivo applications, 
such as contact lenses, the biocompatibility is very important. Another possibility is the use of 
PIL hydrogels as separating gel for the gel electrophoresis. These novel hydrogels can be 
suitable for the separation of proteins.  
Further new PILs as hydrogels can be synthesized by using other cations (1), e.g. vinyl-
triazolium monomers, vinyl-benzyl-ammonium monomers or vinyl-methacrylate monomers, 
polymerization of zwitterionic-type ILs (2) or use of polymerizable anionic-type IL 
monomers (3). In addition, different cross-linkers can provide special properties and are worth 
future study, e.g. acrylic acid, polyethylene glycol diacrylate or (ethylene glycol) divinyl 
ether.  
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